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SYSTEM AND METHOD FOR A WEARABLE
BIOLOGICAL FIELD SENSING DEVICE
USING FERROMAGNETIC RESONANCE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This Application claims the benefit of U.S. Provisional
Application No. 62/966,682, filed on 28 Jan. 2020, and U.S.
Provisional Application No. 63/093,700, filed on 19 Oct.

2020 both of which are incorporated 1n their entireties by
this reference.

TECHNICAL FIELD

This mvention relates generally to the field of monitoring,
biological activity, and more specifically to a new and usetul
system and method for monitoring electromagnetic biologi-
cal activity using ferromagnetic resonance.

BACKGROUND

Ferromagnetic resonance (FMR) may be used to measures
magnetic properties of materials by detecting the preces-
sional motion of the magnetization in a ferromagnetic
sample. Different types of FMR 1include externally-driven
FMR and current-driven FMR. FMR can be excited using a
variety of techniques, like cavity excitation, stripline exci-
tation, spin transier torque, and spin orbit torque, among,
others. These implementations are typically not compatible
with device applications. They require large cavities, high
power drive, and use large sample volumes 1n order to be
cllective. As such, the use of FMR 1s largely restricted to
large laboratory setups and to research projects.

There are several types of highly sensitive magnetic
sensors but they all have various limitations. For example,
SERF and SQUID magnetic sensing approaches can have
high sensitivity but at the cost of being large, complex and
difficult for system integration. These sensors require room-
s1ze integrations that require heavy shielding to 1solate the
sensors from ambient and other external fields and strictly
maintained temperature conditions for functionality. Alter-
natively, Hall eflect sensors and magnetoresistive sensors
may be smaller solutions at the cost of sensitivity and are
largely not suflicient for many purposes such as 1n brain
activity momitoring devices.

Magnetic sensors have been used for decades to monitor
biological activity. In particular, brain activity. Due to per-
formance requirements, these magnetic sensors are typically
SERF and SQUID type sensors. Current SERF and SQUID
devices require costly room-sized infrastructure due to their
sensitivity to environmental perturbations. These systems
are also fairly rnigid and can’t be adjusted for different sized
users. These limitations mean many sites fail to be able to
serve a wide diversity of users since its oiten cost prohibitive
to have multiple systems to accommodate different user
sizes. Furthermore, such brain activity momtoring devices

are limited to stationary measurements.

Thus, there 1s a need 1n the field of biological electro-
magnetic (EM) field monitoring to create a new and usetul
system and method for monitoring biological EM fields that
1s more portable, both smaller 1n size and less limited by
environmental conditions, and easier to modily for specific
users. This invention provides such a new and useful system
and method.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 1s one schematic representation of a system a
helmet device:
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FIG. 2 1s an alternate schematic representation of a system
of an adherable patch;
FIGS. 3-5 are variations of schematics for field coils;

FIG. 6 1s a schematic of field coils implemented on a
sensor circuit;

FIGS. 7-9 are vanations of schematics of field coils
implemented on a helmet device;

FIG. 1/ 1s a simplified schematic representation of an
ADFMR sensor;

FIG. 11 1s a schematic representation of an interferometer
ADFMR sensor;

FIG. 12 1s a schematic representation of a one-dimen-
sional gradiometer ADFMR sensor;

FIG. 13 1s a glossary of circuit components;

FIG. 14 1s a schematic representation of a low energy
interferometer ADFMR sensor;

FIG. 15 1s a schematic representation of an interferometer
ADFMR sensor that implements noise reduction;

FIG. 16 1s a schematic representation of a large disparity
EM field interferometer;

FIG. 17 1s a general circuit schematic representation of an
interferometer ADFMR sensor:;

FIG. 18 1s a general circuit schematic representation of the
ADFMR sensor;

FIG. 19 1s a schematic representation of a two test circuit,
two-dimensional interferometer;

FIG. 20 1s a second schematic representation of a two test
circuit, two-dimensional interferometer;

FIG. 21 1s a schematic representation of a one test circuit,
two-dimensional interferometer;

FIG. 22 1s a sample 1illustration of an interdigitated
transducer (IDT);

FIG. 23 1s a schematic representation of a surface acoustic
wave (SAW) device;

FIG. 24-28 are schematic representations of alternate
variations of the SAW device;

FIG. 29 1s a flowchart of a method of a preferred embodi-
ment,

FIG. 30 1s an exemplary system architecture that may be
used 1n 1mplementing the system and/or method.

DESCRIPTION OF TH

L1

EMBODIMENTS

The following description of the embodiments of the
invention 1s not intended to limit the invention to these
embodiments but rather to enable a person skilled 1n the art
to make and use this invention.

1. Overview

As shown 1n FIG. 1, a system and method for a wearable
device to measure biological EM fields integrates a unique
acoustically driven {ferro-magnetic resonance (ADFMR)
sensor 1nto a wearable form factor. The system and method
functions to provide a more flexible and/or portable sensor
device. The form {factor 1s preferably designed to fit the
contour of a surtace region of the body, thereby holding the
plurality of sensors, 1n place, on a surface region of the user.
Examples of types of form factors include: helmets, bands
(e.g. head, arm, waist), patches, and/or other wearable form
factors. The system preferably integrates a plurality of
sensors which includes at least one of the ADFMR sensors
described herein. The system and method leverage the
sensitivity of the ADFMR chip sensors to measure user EM
biometric information while positioned proximally to the
surface skin of the user. The ADFMR sensor can operate at
more normal temperature ranges (e.g., temperatures possibly
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encountered in daily use by a user such as 0-120° F.) while
still maintaining magnetic field sensing capabilities to
ecnable precise monitoring of biological EM fields (e.g.,
brain activity). The system and method additionally leverage
the size of the ADFMR sensors to employ a potentially
highly dense array of sensors providing high resolution
real-time 1maging of biological EM fields, particularly brain,
heart, and muscle activity, while enabling ease of use and
portability of the device.

The system and method may be implemented as a stand-
alone biological field measuring device, and/or with other
types of sensors, enabling a more thorough biometric “pro-
file’” of the user. The system and method may additionally be
implemented as a standalone, or integrated with, brain
computing interface (BCI), wherein the system and method
provide a method for user sensor input. Examples of addi-
tional types of sensors that may be included as part of the
system and method include: accelerometers, 1nertial mea-
surement umts (IMUs), digital thermometers, and cameras.
Additionally, multiple form factors may be implemented
together to enable simultaneous measurements of diflerent
regions (e.g. heart and brain). In one variation, additional
biosensors such as an electroencephalography (EEG) sensor,
a heart rate sensor, blood pressure sensor, a respiratory
sensor, a blood glucose sensor, respiratory sensor, a func-
tional near-infrared spectroscopy (INIRS) sensing system,
impedance tomography, other magnetic sensors, and/or
other suitable types of biosensors may be used 1n combina-
tion.

The system and method are preferably used for a brain
activity device, which may be used for brain monitoring
and/or potentially enabling forms of a brain-computer inter-
face (e.g. virtual reality or augmented reality integration).
Additionally, applications may use the system and method
for biological sensing, such as muscle activity, and moni-
toring heart activity. Additionally, the system and method
including multiple sensor types may be used for high level
biometric monitoring and computer interfacing. As both a
biometric monitoring device and as computer interface, the
system and method may be implemented with or as part of
mobile and smart devices. The system and method enable
interaction with smart phones, watches, glasses, or any other
smart devices. The power efliciency of the system and
method can further enable mobile applications of the bio-
logical monitoring capabilities of the system and method.

The system and method enable a significant number of
technological enhancements that allow functionality and
benelits beyond what 1s available 1n current devices. One
potential benefit of the system and method 1s that ADFMR
sensors may function at room temperature. Most field sen-
sors that have at least equivalent levels of sensitivity (e.g.
SQUID) must function at significantly lower temperatures
with limited room for temperature variations, require mag-
netic shielding to operate, or are substantially larger n size.
For example, the ADFMR sensors of the system and method
do not need temperature control systems maintaining tems-
peratures near absolute zero as with traditional SQUID brain
activity monitoring devices.

Additionally, due to temperature and other factors, current
brain activity sensors cannot be placed adjacent to the scalp
of a user (e.g. at least 4-5 cm displacement 1s required for
SQUIDs). The wearable ADFMR device does not have this
disadvantage and can have sensor nodes directly on the scalp
of the user.

Having sensors adjacent to the scalp of a user may confer
another potential advantage. More specifically, other sensor
devices typically require a noise density below ~10 11/sqgrt
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4

(Hz) to measure signals originating from the brain, while the
system and method may operate with noise density of ~10
p1/sqrt(Hz). This potential benefit may be enabled 1n part by
increased sensor density and sensor proximity to the scalp.
This 1n turn may lead to the potential benefit of a system and
method that requires significantly less power. The system
and method may additionally more efliciently monitor brain
activity 1n a power eflicient manner by localizing the opera-
tion of sensors. For example, the system and method may
operate 1n a mode for activity localization while sensing 1n
a low power mode. Once a location of interest 1s 1dentified,
the sensors in appropriate position for sensing can be
operated 1 a mode for high quality data collection, while
other sensors are temporarily disabled or operated 1n a low
power mode.

Additionally, there are many potential benefits 1n that the
ADFMR chip sensors may be built to include specialized
components or enhanced functionalities not easily 1mple-
mentable 1n other sensor devices. Examples include: low
power usage, noise cancellation, and field strength optimi-
zation.

One potential benefit of a specialized ADFMR chip sensor
1s that 1t may include noise cancellation. An ADFMR chip
sensor that includes noise cancellation may require signifi-
cantly less shielding and noise cancellation from external
fields (e.g. earth’s magnetic field) for accurate readings.

Additionally, ADFMR chip sensors employed 1n a dense
array may also add to the potential benefit of significantly
reducing the need for passive or active noise cancellation.
The dense array of sensors may add a suflicient number of
sensor readouts such that the noise may be averaged out over
all the sensor readings or otherwise eliminated through
digital signal processing.

Another potential benefit of a specialized ADFMR chip
sensor 1s less power usage. At the expense ol some sensi-
tivity, an ADFMR chip sensor may, in some variations, be
designed to use significantly less power at least in certain
periods of time. Lower power usage ADFMR chip sensors
may lead to a benefit for a device that can be significantly
more mobile and less power rehiant. For example, when
implemented 1n a device for epileptic seizure monitoring,
the device may primarily be operated 1n a low power mode
to monitor for a particular pattern, and when a spike in
activity 1s detected the device can transition to a higher
resolution monitoring mode for capturing activity during the
seizure event. For example, the device may be used to
measure activity during a spike in activity indicating some
event such as during an ictal period indicative of a seizure.

Current systems with equivalent sensitivity for measuring,
magnetic fields, typically have a small range over which
they can measure magnetic fields and magnetic fluxes.
Another potential benefit of the system 1s that ADFMR chip
sensors may accurately measure fields and gradients over
magnitude much larger field range.

The portability of the device may also convey several
benefits. As one potential benefit, the small size of the device
may enable the system and method to be implemented more
precisely for different size individuals (e.g., children vs.
adults). Additionally, the small size enables easier 1mple-
mentation for very localized measurements over a surface.
For example, implementing the system and method as a
headband for measuring a “band” of brain activity instead of
a helmet measuring all brain activity.

As another potential benefit of the portability, the system
and method may enable a user to “wear” the device such that
the system and method may include continuous real-time
monitoring of biometric activity during normal “living”. As
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such the system and method can be used 1n a way that can
support movement by the user.

As another potential benefit of the portability, the device
enables the system and method to be used in conjunction
with smart devices or other interactive devices, such as
smart watches, smart phones, etc.

As another potential benefit of the portability, the system
and method enable a “simpler” integration as a BCI, such
that a highly variable number of sensors may be incorpo-
rated over the brain for potentially diverse implementations.
In this manner, the system and method enable integration
with current commercial hardware (e.g. gaming headsets,
headphones, vehicles, etc.)

As a waler-scale manufacturable sensor device, the sys-
tem and method provide the potential benefit of a low-cost,
high-volume production device. This 1s 1n direct contrast to
many similar sensitive magnetometers on the market today.
For example, current SQUID sensors cannot currently be
manufactured 1n suflicient volume to distribute to millions of
people. In some variations of the system and method,
multiple FMR sensors (e.g., more specifically ADFMR
sensors) may be integrated as a system-in-package (SiP)
device where multiple systems, such as the microelectro-
mechanical systems (MEMS) of the ADFMR sensor element
and/or read-out/signal processing integrated circuits, may be
packaged and enclosed 1n one or more chip carrier packages
(e.g., a surface mount circuit package). In some such imple-
mentations, a system on a chip (SoC) implementation may
enable such a FMR sensor device on a single semiconductor
die/waler. Such integrations may enable unique technical
capabilities while also being more usable and manufactur-

able.

2. Wearable Sensor Device System

As shown 1n FIG. 1, a system for a wearable field sensing
device for biological electromagnetic (EM) field measure-
ment includes: a wearable structure 110; a biological sensor
array 120, on or within the wearable structure, such that each
biological sensor 1s situated adjacent to the body of the user,
and wherein each biological sensor includes at least one
ferromagnetic resonance (FMR) sensor; a power system
150, providing the power for the system; and a control
circuitry 160, electrically coupled to the system. In some
preferred vanations, the FMR sensor comprises an acousti-
cally driven ferromagnetic resonance (ADFMR) sensor 122.

The system can be integrated into various types of devices
such as augmented reality (AR) glasses, virtual reality (VR)
headsets, smart headphones, hearables, smartwatches, smart
rings, smart wearables, health fitness trackers, chest strap
heart momnitors, brain scanner systems (e.g., for medical
device integrations), eye tracking devices, and/or other
suitable devices. Additionally, the system may be integrated
as part of a brain computer itertace (BCI) wherein the
system may leverage cranial sensor data as part of an
interactive operation.

The system functions as a wearable sensor device that
measures electromagnetic (EM) fields within a user and can
turther 1dentity the source of the EM field with sub-centi-
meter precision. In this manner, the system may function to
identify cellular activity, such as brain activity, nervous
system activity, muscle movement, blood flow and/or any
other electrical or electrochemical biological activity. The
system may be implemented for a human user and/or patient,
but may be also implemented for any other anmimal types
(e.g. cats, horses, lizards). In some varations, the system
may include multiple wearable sensor devices. Multiple
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wearable sensor devices may function to simultaneously
measure EM fields of a user along multiple regions of the
user.

The device activity may be implementation specific. As a
device worn on the head (e.g. a cap or headband wearable
structure no), the system may be implemented as brain
computer interface (BCI) device that enables direct, or
virtual, interactions. Additionally, or alternatively, the cap
may serve as a medical device to monitor the brain activity
ol a patient.

Dependent on the implementation the system may have
additional or alternative components. Examples of addi-
tional components may include additional sensor compo-
nents (e.g. external field sensors to measure external mag-
netic field for noise cancelling, a gyroscope to measure a
wearer’s positioning, a thermometer to measure the tem-
perature of the user) and sensor shielding 140, to improve
sensor measurements. The system may additionally, or alter-
natively, include any other desired component. Examples of
sensors that may be included as part of the system include,
but are not limited to: IMUs, EEG sensors, gyroscopes,
accelerometers, non-ADFMR magnetometers, and ther-
mometers.

In some variations, the system includes an ambient sensor
array 130, situated on the wearable structure 110. The
ambient sensor array 130 may comprise sensors situated on,
or near, the wearable structure configured to measure ambi-
ent EM fields 1n proximity of the wearable structure. The
ambient sensor array may comprise field sensors that mea-
sure external EM fields. Dependent on implementation,
these sensors may, or may not, comprise FMR sensors.

The wearable structure no may function as a housing for
other system components, particularly the biological sensor
array 120; wherein the wearable structure holds the biologi-
cal sensor array 1n proximity to a desired measuring area on
the user. The wearable structure no may be worn/wrapped/
adhered, or positioned 1 another manner such that one
surface of the wearable structure factor no 1s in direct contact
with a wearer. The wearable form factor no may have any
desired general form, but will, generally speaking, have an
“interior” defined shape to match the contours of the wearer
(c.g. the interior of a cap wearable structure, or the interior
surface of a patch wearable structure). In many variations,
the wearable structure may define the type and activity of the
system. For example, a headwear wearable structure no may
be used for measuring brain activity (e.g. as part of a BCI
device); a heart patch wearable structure may be used for
heart, or blood flow, momtoring; a leg band may be used to
measure the type and strength of leg muscle contractions.

The system may have diflerent implementations, or com-
binations of implementations such that the wearable struc-
ture 110 fits to the contour of the body of the user in the
desired region(s) of activity measurement. In one implemen-
tation, the wearable structure 110 1s specifically built to fit
the contour of a user. In a second implementation, the
wearable structure 110 may be composed of stretchable
matenal (e.g. elastics such as rubber) to stretch over the
contour of the user. In a third implementation, the wearable
structure no may be malleable, or semi-malleable (e.g. soft
metals such as aluminum), such that the wearable structure
no may be “deformed” to fit the contour of the user. In a
fourth implementation, the wearable structure no may com-
prise modular subcomponents, wherein the wearable struc-
ture no 1s “built” on the user to {it the contour of the user. In
variations where the size of the wearable structure no can be
adjusted, the wearable structure may come 1n general sizes
(e.g. adult, child, small, large, etc.) that may, or may not,
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then be further adjusted for a particular user. In variations
wherein the wearable structure no 1s somehow deformable
(e.g., stretchable or malleable) the wearable structure may
comprise deformable regions that may change 1n size and
rigid regions that do not change in size and shape. Rigid
regions may enable fixed positionality for sensors place-
ment.

The system of claim 2, wherein the wearable structure
comprises an adherable patch, wherein the adherable patch
1s shaped to, at least, partially cover a user body region for
EM field measurement.

The wearable structure no shape may be implementation
specific. In one variation the wearable structure no com-
prises a portable cap. In another vanation, the wearable
structure no comprises a patch. Example shapes of the
wearable structure 110 include: helmet, headband, wrist-
band, leg-band, girdle, and form fitting patch. As described
betfore, these shapes may be built to it the user contour,
stretchable, malleable, and/or modular as desired by imple-
mentation. In some variations, the wearable structure may be
personalized. For example, the wearable structure 110 may
be 3D printed to precisely match a specific person’s head
shape.

In one preferred variation, as shown i FIG. 1, the
wearable structure 110 1s shaped as a helmet or portable cap.
The cap structure no may enable measuring brain activity
over the surface of the brain, throughout the entire brain, or
part of the brain. The portable cap may comprise a cap
shaped to, at least, partially cover a head region of a user for
EM field measurement. The cap structure may function as a
BCI for activities and/or as a medical device. In one imple-
mentation, the cap structure 1s part of a flight simulator
interface. As a cap, the wearable structure 110 preferably fits
to the contours of the head. The cap may be both adult or
chuld sized. In some vanations, the portable cap comprises
a deformable cap such that the deformable cap may suil-
ciently change 1n size and shape to fit the head region of the
user, wherein the deformable cap comprises deformable
regions that may change in size and shape and rigid regions
that do not change in size and shape. In some varnations, the
wearable structure no 1s designed so that whole brain
activity can be sensed with a distributed biological sensor
array 120. Alternatively, the structure no may be designed so
that activity can be measured for one or more select regions
of the brain such as the motor cortex, visual cortex, auditory
cortex, prefrontal cortex (speech), parietal lobe, and/or other
regions.

Alternative wearable structure no form factors may be
used to collect measurements over other regions such select
muscle regions or the heart. In one variation, the wearable
structure no 1s shaped as a band, e.g. sweatband, headband,
arm-band, leg band, waistband, etc. The band wearable
structure no may enable field activity measurement over a
localized region in proximity of the band. As desired for
implementation, the band wearable structure no may com-
prise a closed loop, or a crescent shaped body wearable
structure 110. In one preferred implementation, as a crescent
shaped body headband, the wearable structure 110 may be
worn on the head to measure brain activity across a specific
band, or region, of the head.

In a third variation, as shown i1n FIG. 2, the wearable
structure 110 1s a patch. The patch wearable structure 110
may function to enable field measurement 1 a localized
“patch” region. The patch wearable structure no may have
any generalized shape and/or size. The patch may be
attached to the user at the desired region through the use of
adhesive, elastic band, or through some other method. One
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implementation of the patch wearable structure no includes
a patch worn on the chest area to measure/monitor heart
activity. Another implementation of the patch wearable
structure no includes a patch on a major muscle group (e.g.
call muscle), enabling the measurement/monitoring of
muscle activity 1n that region.

The biological sensor array 120 comprises an array of EM
sensors situated on the “interior” wearable structure, and
capable of measuring EM fields. The biological sensor array
120 may function to measure EM fields in, or on, the body
of the user. That 1s, each EM sensor from the biological
sensor array 120 may measure EM fields 1n proximity of the
positioning of the sensor on the wearable structure no. In
some variations, the EM sensor comprise FMR sensors.
More preferably, the FMR sensors comprise ADFMR sen-
sors, wherein the biological sensor array 120 comprises an
array ol ADFMR sensors 122. In preferred vanations, the
EM sensors comprise chip-scale sensor implementations,
which may enable a high density of sensors to be integrated
as part of the biological sensor array 110.

The number of sensors comprising the biological sensor
array 122 may vary in orders of magnitude dependent on
implementation. In one virtual reality (VR) interaction
implementation, the number of sensors may be on the order
of 10-20 sensors. In another, patient monitoring, implemen-
tation the number of sensors may be on the order ot 10,000.
In a heart monitoring variation, the number of sensors may
be 2-3 sensors. Preferably, the biological sensor array 120
includes a plurality of sensors. In an alternate preferred
variation, the biological sensor array S120 may comprise
only a single sensor. This variation may be implemented 1n
use cases where simple localized monitoring 1s suflicient
(e.g., as a heart-rate monaitor).

Sensors of the biological sensor array 120 may be imple-
mented on, or 1n combination with, an integrated circuit (IC)
as part ol an integrated circuit package (or collection of IC
packages). In some variations, such an IC packaged sensor
device may include a waler-scale manufacturable sensor
device. The size and form-factor of such sensor devices may
enable a larger number and potentially higher density of
sensors. In particular, the biological sensor array 120 may
include one or more ADFMR sensor elements. The ADFMR
sensor elements may be a packaged sensor umit such as a
through-hole IC chip and/or a surface mount IC chip, which
can be integrated 1nto a rigid or flexible printed circuit board
(PCB), a wired circuit, and/or other types of circuit systems.
The ADFMR sensor may also be co-packaged with an
integrated circuit chip. Alternative packages or form-factors
may also be used.

ADFMR sensors in one preferred embodiment may be
tabricated using high-volume, high-throughput manufactur-
ing techniques. An example of such techniques are standard
semiconductor or MEMS {fabrication techniques. Some
examples of such techniques are waler-scale processing
techniques such as photolithography, etching, and deposi-
tion (via electron beam evaporation, sputtering, or other
similar processes), which allow for the parallel fabrication of
many devices. These techniques allow for high-yield pro-
duction of extremely large volumes (allowing for volumes
as high as millions of units per month or more) at extremely
low cost (potentially a dollar per unit or less). Waler-scale
production also allows the usage of waler-scale testing
techniques (for example automated probe stations) that can
accelerate QA, testing, calibration, and development pro-
Cesses.

A variety of sensor form factors leveraging the high
volume manufacturability possibilities of the ADFMR sen-
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sors may be used. These various form factors can decrease
cost of production as well as enable higher numbers and/or
density of sensors to be implemented within the system.

In one vanation, an ADFMR sensor can include one or
more ADFMR sensor element(s) integrated with and used in
combination with an integrated circuit implementation of
associated ADFMR signal processing circuitry. As described
below, the ADFMR signal processing circuitry may include
excitation circuitry, detection circuitry, circuitry for noise
reduction/output signal conditioming, and/or other portions
of circuitry used 1n collecting ADFMR sensor data output.
Variations may have the ADFMR sensor element(s) and the
ADFMR signal processing circuitry co-packaged or pack-
aged/implemented as distinct chip/circuit components.

The ADFMR sensor element may be implemented sepa-
rately from ADFMR signal processing circuitry. For
example, the ADFMR sensor element may be an ADFMR
sensor chip that can be used 1n combination with other
ADFMR signal processing circuitry components. Regard-
less of how the ADFMR sensor element 1s integrated, some
variations of the ADFMR sensor element may still leverage
waler-scale fabrication techniques.

In one possible vanation, the ADFMR signal processing
circuitry could be implemented, in part or whole, as an
application-specific imntegrated circuit (ASIC) or an applica-
tion-specific standard product (ASSP) integrated circuit or
any suitable type of integrated circuit. The ASIC form factor
(and/or other comparable form factors) may be built using
CMOS processing techniques and may additionally enable
the size of the ADFMR sensor to have the circuitry com-
ponents minmaturized to millimeter scale dimensions. One or
more ADFMR sensor elements and the ADFMR signal
processing ASIC may be co-packaged into an ADFMR
sensor unit (1.e., an ADFMR sensor chip). In one such
variation, the ADFMR sensor can be a system-in-package
(S1P) that includes one or more ADFMR sensor elements
and an ASIC. In another variation, an ADFMR sensor unit
can be a system on a chip (SoC) including an ASIC with one
or more integrated ADFMR sensor elements.

In some variations, the ADFMR sensor element may be
implemented as part of the same ASIC or as a separate ASIC.

Additionally or alternatively, in some variations, the
ADFMR signal processing circuitry could be implemented
in part or whole as a PCB implementation of the ADFMR
signal processing circuitry.

Additionally, preferred variations of the ADFMR sensors
used as the EM sensor elements may be room temperature
operable without temperature control and as such may
include cryogen-1iree operation as compared to other types of
field sensors (e.g., SQUID sensors). Additionally, preferred
variations of the ADFMR sensor can operate without vapor
cells or heated vapor cells as compared to other types of field
sensors (e.g., SERF or OPM sensors). These properties can
enable unique technical capabilities while also being more
usable and manufacturable.

In one variation, the biological sensor 120 array com-
prises 1-10 sensors (e.g. heart-rate monitor). In another
variation, the biological sensor 120 array comprises 10-100
ADFMR sensors (e.g. as part of a BCI). In another variation,
the biological sensor array 120 comprises 100-1,000
ADFMR sensors (e.g. a portable brain scanning device). In
another variation, the biological sensor array 120 comprises
1,000-10,000 ADFMR sensors (e.g. clinical brain scanning
device). In another variation, the biological sensor array
comprises 10,000-100,000 ADFMR sensors. Such large
scale sensing devices may employ machine learning and/or
other analysis models for interpreting/classifying signals.
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Additionally, machine learning and/or other data models
may also be used to dynamically adjust control of sensors
such as by dynamically activating different subsets of sen-
sors depending on previously sensed data, system state,
and/or mput from an external system.

The positioming and distribution of the biological sensor
array 120 may be implementation dependent. In one varia-
tion, the biological sensor array 120 1includes sensors that are
evenly distributed along the wearable structure 110, or
specific regions of the wearable structure. In a second
variation, the sensor array may include dense distributions
along regions of the wearable structure 110 that correspond
to desired regions of measurement on a user (e.g. a high
density of EM sensors on the back of the head for visual
cortex measurement). Diflerent concentrations and arrange-
ments of sensors can be positioned within the cap wearable
structure no to cover activity of distinct regions of the brain.
In a third variation, the wearable structure may include
varying degrees ol distribution (e.g. wherein the density
distribution 1s dependent on expected type of activity in that
region). In vanations wherein the wearable structure 110 1s
somehow deformable (e.g., stretchable or malleable) the
wearable structure may comprise deformable regions that
may change in size and rigid regions that do not change in
s1ze and shape. In these variations, the biological sensor may
be situated on the rigid regions. In this manner, sensors
comprising the biological sensor array 120 may maintain a
known displacement from each other. Alternatively, the
biological sensor array 120 may be positioned on deform-
able regions. In these variations, the positioning of the
biological sensor array 120 may be determined dynamically
(e.g. through the use of positioning sensors).

The biological sensor array 120 may include a position
pattern that 1s distributed across the whole monitored area or
alternatively distributed across localized regions. A position
pattern could be a regular rectangular grid, a circular
arranged array, or any suitable pattern. Custom position
patterns may also be used where positions are adapted for
monitoring key regions. The regions of monitoring that are
covered by the biological sensor array 120 may also be any
suitable form such as a square, rectangle, circle, oval, or any
suitable shape. This may be used to cover different regions
and to increase the sensed signal from different regions of
interest.

In some cases, the sensors may be distributed so as to
enhance capabilities for using synthetic gradiometry to
improve the sensor signals. As one optional varnation, the
biological sensor array 120 may be clustered in small dense
patches that are spaced apart. The displacement between the
clusters can enable sensors to be subtracted so as to remove
environmental noise but keep more of the signal. For
example, as opposed to one large dense collection of sensors
over an area, multiple clusters could be used where sensor
density 1s high inside the cluster and the clusters are spaced
apart. As another example, a large dense cluster of sensors
may be positioned in a region of interest, and then a select
number of sensors may be spaced apart from the cluster
(e.g., 4 sensors encircling the cluster spaced 2 cm away).
This approach of displaced clusters can enable averaging
within the small dense sensor clusters but then the distance
between the clusters can enable eflective gradiometry by
comparing further sensor clusters.

In some variations, the biological sensor array 120 may
include discrete sensor array components including connec-
tors such that they sensors of the biological sensors array are
positionally configurable within a wearable structure no
form factor. There may be multiple sensor array components
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that are used 1n combination as part of the biological sensor
array 120. In some vaniations, there can be a combination of
statically positioned sensors and repositionable sensor com-
ponents.

A positionally configurable sensor array component may
function to provide flexibility in the placement of at least
some sensors of the biological sensor array 120. The posi-
tion adjustments may be made manually (e.g., removing a
sensor component from one position and attaching to
another optional position) or through an automated actuation
clement. As another application of removable sensor array
components, a sensor array component may enable easier
maintenance or configuration. For example, a sensor array
component may be replaced 1if there 1s a bad sensor. In
another example, a sensor array component with one con-
figuration (e.g., number of sensors, configuration sensors,
arrangement, etc.) can be exchanged for a sensor array
component with a second sensor configuration (e.g., a higher
density of sensors). In a similar fashion, use of sensor array
components can enable the capabilities of the system to be
expanded. For example, a system originally configured with
a sensing in one localized region of the brain may be
expanded to monitor multiple regions of the brain through
the addition of sensor array components.

In some variations, the sensors of the biological sensor
array 120 may serve different functionalities. For example,
a sensor or cluster of sensors may be used as one, or
multiple, reference sensors. Reference sensors may primar-
1ly be used for improving sensor signals, gradiometry mea-
surements, noise cancellation, or other techmiques. For
example, reference sensors may be placed on any suitable
position of the body. In noise cancellation implementations,
the reference sensors may be positioned on the wearable
structure outside of the region that 1s to be monitored. The
reference sensors may then measure biological background
noise that would then be subtracted from the desired mea-
surements. In some situations, this location may be com-
pletely removed from the portion of the body of interest. In
some variations, 1t may be electrically connected. For
example, a wired connector, used to relay power and/or
communication may connect a reference sensor to a main
portion of the system. In some variations, a reference sensor
may be wirelessly integrated into the system by collecting
reference data and communicating the collected data to
computer processor system (on the worn device or off) used
in collectively analyzing data and/or managing operation of
the system.

Each sensor comprising the biological sensor array may
be 1dentical or distinct. In variations, each sensor may be
similar or identical FMR sensor. In preferred vanations,
cach FMR sensor an ADFMR sensor 122 as discussed
below. Each sensor, preferably contains at least one field
sensor, although it may contain multiple field sensors. Addi-
tionally, the configuration of the sensors in the biological
sensor array 122 may be made substantially uniform or vary
with different configurations.

In some variations, one, some, or all, sensors of the
biological sensor array 120 comprise ADFMR sensors 122.
The ADFMR sensor functions to utilize highly sensitive
ferromagnetic resonance to measure magnetic fields. That is,
the ADFMR sensor 122 propagates acoustic waves on the
surface of a piezoelectric substrate, wherein the 1nteraction
between the acoustic waves and a magnetostrictive element
1s strongly dependent on magnetic fields. In presence of an
EM field, propagating acoustic waves are altered in propor-
tion to the strength of the field, thus enabling measurement
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produced using semiconductor/MEMs manufacturing tech-
niques, enabling the incorporation of a high density of field
sensors as desired (e.g., multiple ADFMR sensors 122 may
be included on a single integrated circuit).

Dependent on implementation, and as described below,
cach implemented ADFMR sensor 122 may be 1dentical or
unmique. For example, an ADFMR sensor 122 for gradiom-
etry measurements may include different circuitry than a low
power ADFMR sensor, or an ADFMR sensor including
noise cancellation coils. In alternate implementations, each
sensor may include multiple ADFMR sensors of varying
numbers as desired. In addition to providing more sensor
nodes to measure the EM field, multiple ADFMR sensors
may enable multi-dimensional field measurements and field
gradient measurements. Multiple ADFMR sensors may
alternatively enable other functionalities. In one example,
cach sensor has three ADFMR sensors. Preferably the three
ADFMR sensors are orthogonal to each other, enabling
three-dimensional measurement of EM fields. In a second
example, the sensor may include at least two ADFMR
sensors along the same orientation. Multiple ADFMR sen-
sors along the same orientation may enable measurement of
the gradient of the EM field. In a third example, each sensor
may have ADFMR sensors i all orientations (same and
different), enabling measurement of the EM field, the gra-
dient of the field, and provide noise cancellation circuitry.

In some variations, the system may include an ambient
sensor array 130. The ambient sensor array 130 functions as
a sensor array configured to measure ambient EM fields 1n
proximity of the wearable structure 110. That 1s, the ambient
sensor array 130 may function as reference sensors to
improve biological field measurements. The ambient sensor
array 130 may thus be structurally equivalent to the biologi-
cal sensor array 120, with the distinction that the ambient
sensor array 1s situated and configured to measure “external”
EM fields whereas the biological sensor array 1s situated and
configured to measure “internal” (biological) EM fields.
Thus, depending on implementation, none, some, or all
sensors from the biological sensor array 120 may also
comprise/function as part of the ambient sensor array.

In one variation, the ambient sensor array 130 1s situated
outside of the wearable structure no to measure ambient
fields (e.g. situated on the outside of a portable cap).

In another vanation, the ambient sensor array 130 1s
situated on a distinct wearable structure no, such that the
biological sensor array 120 and the ambient sensor array are
situated on distinct wearable structures. That 1s, the ambient
sensor array may be mtegrated into a discrete device that 1s
physically separate, though there may be a communicative
link between sensor devices. For example, a device for
measuring brain activity may be worn on the head, while an
ambient sensor may be attached or worn on the wrist,
shoulder, chest or another part of the body. In another
variations, an ambient sensor may be positioned off the
body. For example, an ambient sensor (or sensors) may be
positioned somewhere else 1n the environment such as near
a particular device acting as a source of noise.

As mentioned above, the ambient sensor array 130 may
comprise similar or 1dentical type sensors as the biological
sensor array 120. For example, at least a subset of sensors
from the ambient sensor array 130 may comprise FMR
sensors. In one implementation, the at least one subset of
FMR sensors comprise ADFMR sensors. Additionally, or
alternatively, the ambient sensor array 130 may comprise
other types of field sensors. For example, 1n one implemen-
tation, at least one subset of sensors from the ambient sensor
array 130 comprise magnetometers.
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In desired variations, the system may include additional
types of sensors and sensor components that measure other,
non-EM field metrics. These additional sensors and sensor
components may be incorporated as part of the biological
sensor array 120, the ambient sensor array 130, or as distinct
components. As part of the sensor arrays, these sensor
components may be waler-scale manufacturable sensor
devices such as the IC options described above for the
ADFMR biological sensor vaniations. Additional sensors
may further comprise additional components and/or sub-
components for additionally desired functionalities (e.g.
location detection, motion detection, temperature detection,
EM field gradient measurement), and improved functionali-
ties (e.g. noise reduction, SNR amplification, reduced power
usage, improved EM field measurement. Accordingly, the
system may include various types of biometric, positional,
or other types of sensors such as: inertial measurement units
(IMUs), digital thermometers, EEG sensors, a heart rate
sensor, blood pressure sensor, a blood glucose sensor, a
respiratory sensor, a functional near-infrared spectroscopy
sensing system, impedance tomography, other magnetic
sensors, GPS receivers, IR sensors, cameras, radar, and/or
other suitable sensing systems.

These additional sensors may be used in coordination
with the data mput from the biological sensor array 120. In
one variation, biomechanical measurements provided by an
inertial measurement unit can be synchronized with the
brain activity data to identify and/or 1solate portions of the
brain activity based on user movement. For example,
depending on the application, detected brain activity result-
ing from physical activity may be removed from analysis or
identified and selected for analysis. Additionally, sensors
may be used to identily and remove unwanted external
signals (e.g. noise). For example, knowledge of device
movement and orientation may be utilized to better filter out

the magnetic field of the earth. As another example, a camera
could be used to watch for blinks or other actions. Detection
of a blink (or other corresponding action) could be used to
remove activity from associated magnetic/electrical signals.
In another vanation, the use of supplementary sensing
technology can be used to address power routing and/or
heating 1ssues.

Additionally, the sensors may include or be used with
other computing related components and processing cir-
cuitry, such as communication antennas, miCroprocessors,
signal amplifiers, bandpass filters, attenuators, inductors,
phase shifters, couplers, mixers, matching networks, analog
to digital converters, and comparators.

In some variations the system may include sensor shield-
ing 140. Sensor shielding 140 may function to improve
sensor functionality by decreasing noise. Sensor shielding
140 may leverage shielding components to improve func-
tionality, accuracy, and/or precision of the field sensors.
Sensor shielding 140 may include shielding components for:
cach sensor of the biological sensor array 120, for groups of
sensors, and/or for the entire system. As another component
of shielding, the sensors may be oriented so as to minimize
or reduce the eflects of external magnetic fields.

In some variations, the sensor shielding 140, or parts of
the sensor shielding, are composed of a high permeability
metal alloy. The high-permeability metal alloy may function
to filter static external fields and fields of specific frequency
ranges (e.g. low-frequency magnetic fields). The high per-
meability metal alloy can have any desired geometry (e.g. as
a coil Faraday cage). An example of high permeability metal
alloys may include mu-metal.
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In some variations, the sensor shielding 140 includes a
Faraday cage. The Faraday cage may function to passively
cancel dynamic external field noise, e.g. the effects of local
transmitters. In one example a conductive mesh 1s used as a
Faraday cage, wherein one, or more, sensors are positioned
underneath the conductive mesh. In some variation the
sensor shielding 140 includes a mu-metal coating or cover-
ing. The mu-metal coating may function to passively cancel
static, and/or dynamic magnetic fields (e.g. the magnetic
field of the earth). In one example, one, or more, sensors of
the biological sensor array 120 are covered, or encased, by
a mu-metal covering. This covering may comprise a sheath,
a coating (“‘e.g. painted on), a solid structure (e.g. a box
situated on wearable structure 110), and/or any other desired
shape that enables shielding of the sensors.

In some preferred variations, the sensor shielding 140
includes a cooling system. The cooling system functions to
prevent, counteract, and/or dissipate undesired heat gener-
ated by system components, e.g., ficld sensors. The cooling
system may comprise: fans, cooling chemicals, water cool-
ing, heat sinks, and/or any other desired implementation for
cooling. In one preferred implementation, the cooling sys-
tem includes a heat sink. The heat sink 1s preferably posi-
tioned on the external surface of the wearable structure 110,
but may alternatively be positioned 1n a different location
that enables dissipation of heat.

In some implementations, the sensor shielding 140 may
substantially 1solate the sensor. Specially designed electrical
teedthroughs optimized to minimize negative impacts on
shielding (i.e., optical feedthroughs or electrical feed-
throughs that incorporate mu-metal) may be used for con-
trol. The control signals for the magnetic sensors can addi-
tionally be configured for operation outside the frequency
range of the band of interest. For example, a control signal
may be mixed up to shiit the frequency range bandwidth
outside the frequency range of interest for the magnetic
sensors. In some variations, optical connections may be used
to further enhance the 1solation and shielding to external
noise for the sensors.

In some varnations, the sensor shielding 140 includes field
generating coils. Field generating coils may function to
shield sensor components by generating a field to counter
external fields. The number and shape of the field generating
coils may be implementation specific. In one variation, as
shown 1n FIG. 3, the field generating coils comprise single
coils, wherein a current through the coil may create an
electric field. In a second variation, as shown 1n FIG. 4, the
field generating coils comprise multiple loop coils. In this
variation, the coil resistance may be higher, but a greater
field per current may be possible. In another varnation, as
shown 1 FIG. 5, multiple distinct coils may be overlaid,
wherein each coil may be driven separately. In this variation,
the field generating coils may be implemented for gradient
cancellation and generating of higher order fields. In another
variation, the field generating coils may comprise a combi-
nation of the prior coils (e.g., multiple coils with multiple
loops).

Electric current driven through the coil may be used to
create a magnetic field that potentially cancels out external
and ambient fields. Thus, the sensor shielding 140 preferably
functions with the ambient sensor array 130. For example, 1n
one 1implementation the sensor shielding 140 field generat-
ing coils may work 1n conjunction with an externally posi-
tioned magnetometer. The magnetometer 1s preferably posi-
tioned relatively close to, but external to other major system
components (e.g. on the exterior of the wearable structure
110). That 1s, the magnetometer measures the EM fields
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external to the wearable structure 110, thus measuring only
the external fields (i.e. noise) and no desired signal. Identi-
fication of the magnitude of undesired external fields may
cnable finding and filtering external noise. The magnetom-
cter may be axial, planar, or both. Once the magnitude of the
undesired external fields 1s determined, the field generating
coils may generate a “cancelling” field to cancel out the
measured fields.

Field generating coils may be implemented per biological
sensor, as shown i FIGS. 1 and 6 as a group of coils
covering/protecting a region of the wearable structure 110 or
may be used along the entire wearable structure. Depending,
on the dimensionality of the desired measuring region,
and/or the dimensionality of the wearable structure, the
sensor shielding may be implemented as a more expansive
set of coils that potentially shield a region, or the entire
wearable structure. Concurrently, for more complex (i.e.
greater than one dimension) field coils may be positioned
such that their coils potentially cancel out all dimensions of
external fields.

Sensor shielding implemented for each sensor, may
include multiple field generating coils situated along mul-
tiple dimensions. As shown in FIG. 6, field coils may span
in the x direction, marked by dashed lines; span in the
y-direction, marked by solid lines; and/or span in the z-di-
rection, as shown by the dotted line. Similarly, the sensor
shielding 130 field coils may be implemented over the entire
wearable structure. For a helmet wearable structure varia-
tion, as shown 1 FIG. 7, the field coils may be similarly
positioned along the entire helmet. Dependent on implemen-
tation, as shown in example FIG. 8, the field coils are not
required to be orthogonal, and may have more complex
positioning geometries to shield the wearable structure. In
this example, coverage of diflerent sets of field coils may
overlap, but may still sufliciently span the necessary space
for proper shielding of the helmet. In another helmet
example, as shown 1n FIG. 9, the field coils may addition-
ally, or alternatively, include multiple smaller coils that span
over the surface of the helmet.

The wearable field sensing device may include a power
system 150. The power system function to provide power to
all necessary system components, 1.e. all necessary sensor
components and active sensor shielding 140 components.
There may be some variations for the power system depen-
dent on the wearable structure 110 and implementation
variations. In some preferred variations, the power system
150 includes a portable battery on the wearable structure.
The battery may, or may not, be rechargeable. For recharge-
able 1mplementations, the battery may be removed {for
charging, or the power system 150 may have a charging
interface, e.g., a USB connection for charging. Additionally,
or alternatively, the power system 150 may include other
power sources. For example, the power system may com-
prise capacitors that may be charged (e.g. through a USB
connection) on a regular basis for functionality. Alterna-
tively, for a portable cap implementation, the power system,
150 may include solar panel coverings that could charge the
system components as necessary.

The wearable field sensing device may include control
circuitry 160. The control circuitry 160 functions to control
sensor components and other system components, as nec-
essary; and to “process” data acquired by system compo-
nents. The control circuitry 160 may be directly electrically
coupled to other system components (e.g. the wearable
structure 110), completely disjoint from other system com-
ponents, or something in between. In variations, wherein the
control circuitry 160 1s disjoint, the control circuitry may
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include wireless communication technology (e.g. IR or
Bluetooth), wherein the other system components may con-
nect directly to the control circuitry or connect through a
network (e.g. internet). In other varnations, wherein the
control circuitry 160, 1s not completely disjoint, the control
circuitry 160 may connect to desired components through a
wired connection or other means.

The control circuitry 160 may control some and/or all
components that require some type of control mechanism.
For the helmet example, the control circuitry 160 may
control which sensors are active at any one time. Addition-
ally, the control circuitry 160 may be involved in active
noise detection and filtering. Active noise detection and
filtering may occur with and without sensor shielding 140
components. Through the control circuitry 160, sensors and
sensor components may be activated and deactivated as
desired. That 1s, individual sensor components, individual
sensors, groups ol sensor components, and/or groups of
sensors may be activated at any time. Independent function
of sensors and sensor components may improve device
functionality and/or enable additional functionalities. For
example, sets of sensors may be activated in succession such
that while sensor nodes from a single sensor, or groups of
sensors, are active measuring an EM field while other nearby
sensors are inactive. This type of measurement may help
reduce noise measured by the activated sensors, by reducing
external sensor noise (1.e. cross-talk) during measurements.
In some implementations of this example, only certain
sensor components may be turned off (e.g. components that
emit radio frequency signals). In a second example, sensors
may be generally mnactive, and are only activated at certain
times (at some frequency of activity). This second example
may additionally help to reduce power consumption.

The control circuitry 160 may enable multiple operating
modes. Operating modes include modes for recording sensor
data, controlling sensor activity, and processing sensor data.
The control circuitry 160 may additionally or alternatively
include other types of operating modes with regards to
sensors. The control circuitry 160 may additionally or alter-
natively include operating modes for non-sensor compo-
nents. For example, the control circuitry 160 may control/
activate: a navigation system (e.g. GPS activation), a
monitoring system (e.g. camera activation), an activity
tracker (e.g. IMU), etc. Activity of the control circuitry 160,
and operating modes, preferably function automatically, but
may be activated, deactivated, and/or altered by a user/
administrator.

For sensor activity, the control circuitry 160 may enable
sophisticated operating modes based on “low-power”
modes, to conserve energy; noise reduction modes, that
reduce noise; optimization modes, to improve sensor func-
tionality, recursive modes to improve performance; and any
other desired type of modes related to sensor activity. In
some prelerred variations, the system may additionally
include operating mode specific components to optimize
specific types of processor system sensor activity nodes. For
example, for a system with desired low power consumption
activity, the system may include a low power sensor, as the
sensor device shown 1 FIG. 14, to be implemented 1n
conjunction with a low power operating mode.

The control circuitry 160, preferably includes processing
modes. Processing modes function to process sensor data
and determine the source of the EM field in the user tissue.
That 1s, from the sensor node data received, the processing
mode determines the EM field profile in the user/patient
tissue. The processing mode may additionally or alterna-
tively localize the source of measured activity. Localization
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may be used to determine which sensors are appropriate
positions for more detailed activity detection. In preferred
variations, the control circuitry 160 has at least two pro-
cessing modes: a spatial averaging mode and an inverse
solution mode. The control circuitry 160 may additionally or
alternatively have other processing modes. Processing may
tfunction mdependently and/or in simultaneously.

The mverse solution mode preferably takes all sensor
node data, and through the array of all available active
sensor nodes, finds a solution to the inverse problem to
determine the EM field profile. The control circuitry 160
may solve the iverse problem using any desired numerical
method (e.g. using a Bayesian approach or least-squares). As
for many implementations of the system, wherein the num-
ber of sensor nodes i1s on the order of ~10000, real-time
calculation of the EM field profile may be limiting factor of
the mnverse solution. Additionally, noise may be severe
limiting factor 1n direct implementation of the mverse solu-
tion mode.

Additionally, the control circuitry 160 may include a
spatial averaging mode. The spatial averaging mode prefer-
ably functions as a course graining implementation of the
sensor data. In the spatial averaging mode, sensor nodes are
grouped 1nto clusters, wherein the sensor data 1s spatially
averaged over each cluster. Course graining preferably
reduces system noise and preferably simplifies the inverse
problem by order of the cluster size, while sacrificing
precision of the EM field profile. Dependent on the time
scale of the evolution of the EM field, and other desired
factors, the control circuitry 160 may determine the level of
course graining to be implemented for course graining. For
example, the control circuitry 160 may not implement a
spatial averaging mode 11 the EM field evolves on the order
of hours and 1s for a small heart patch comprising 500 sensor
nodes; while alternatively, the control circuitry 160 may
implement a spatial averaging of cluster size 100 (e.g. for
10000 sensor nodes of a helmet) for an EM field that evolves
on the order of milliseconds. In some implementations, a
user/admimstrator may set the level of spatial averaging.

The control circuitry 160, may additionally include an
optimization mode. Through the optimization mode, the
system may improve the signal to noise ratio (SNR), opti-
mize field calculations, and/or speed up field calculations.
Optimization modes may be methods that improve results
over iterations of calculations. Through initial calculations,
preferably using a course grained spatial averaging mode,
the control circuitry 160 may determine the sources and
general profile of the EM field. In the optimization mode,
through iterative calculations, the control circuitry 160, may
deactivate sensor nodes not significant (e.g. far from the
source) to simplify and improve the field calculation,
thereby reducing the number of sensor nodes utilized for an
implementation. "

This in turn may reduce the level of
required course gramning (e.g. increasing precision) and
reducing system noise from unnecessary sensor nodes.
The control circuitry 160, preferably includes a noise
reduction mode of operation. The noise reduction mode
preferably functions to reduce noise. The noise reduction
mode preferably includes implementations to reduce both
external noise (e.g., earth’s magnetic field) and internal
noise (€.g., system non-linearities). In one implementation,
external noise may be reduced by subtracting the external
field measured by the ambient sensor array 130. Addition-
ally, field coil sensor shielding 140 may be activated to
reduce or cancel out measured external fields. In another
implementation, internal noise may be reduced by spatial
averaging. In a third implementation, inaccuracies (e.g.,
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inaccuracies due to non-linearities) may be reduced by
normalizing the detected field to a linear regime of the
sensor (e.g. near zero), thereby reducing the noise of each
sensor. Additionally, with this second implementation, the
system may 1nclude sensors that comprise linearizing cir-
cuitry. In a third implementation to reduce noise, the control
circuitry 160 may gather data from spatially clumped groups
of sensor nodes at one time, while turning ofl’ sensor nodes
near the spatially clumped group; thereby reducing sensor
noise.

The control circuitry 160, preferably includes a low
power operating mode. The low power operating mode may
function to minimize the power usage of the system during
operation. Low power operation may be particularly useful
for extended use monitoring, particularly in implementa-
tions outside of a lab or clinic and other places far from an
accessible power source. During low power operation, the
control circuitry 160 preferably turns ofl sensors and other
system components that are not necessary for function at a
given time and may limit the rate of data acquisition as
desired (e.g. one sensor measurement per minute). For
example, the control circuitry 160, may turn ofl all but only
a subset of the sensors (e.g. one active sensor) from the
biological sensor array 120 are active until biological activ-
ity 1s detected. Once biological activity 1s detected, the
control circuitry, may then activate some and/or all of the
biological sensor array 120 and/or the ambient sensor array
130. Low power mode may preferably function in conjunc-
tion with other operating modes. Additionally, 1n some
implementations of the lower power mode, sensors may
comprise low power sensor devices.

Low power operation may occur in different phases of
operation, and may differ 1n the type of operation. In some
variations, the system may include an EM-localization low
power operating mode. The EM-localization low power
operating mode may function to i1dentily the source of an
EM field (e.g. identifying the locus of some brain activity).
In a helmet implementation of the wearable sensor device,
the low power operating mode may comprise the control
circuitry 160 activating a limited number of sensors over the
entire span of the helmet (e.g. one 1n every four sensors in
cach region of the helmet may be activated). In this manner,
the localization low power operating mode may utilize a
“mesh” of sensors to find the signal locus. Dependent on the
desired implementation and limited by the actual sensor
density of the helmet, the mesh size may be increased or
decreased as desired.

The system may also include a monitoring low power
operating mode. The system may start or switch to a
monitoring low power mode after some initial operation. For
example, 1n one 1mplementation of a helmet sensor device,
sensors may be imtially active to i1dentify the locus of a
certain type of brain activity (either in a regular or a low
operating mode). Once the brain activity has been identified
and the source located, the system may then switch to a
monitoring low power mode, wherein sensors closest to the
locus stay continuously active while other sensors are turned
ofl. Single, multiple, or varying regions may be monitored
in this manner simultaneously or 1n succession. Once defi-
nite activity has been identified, the control circuitry may
then exit low power mode and enable full monitoring of the
brain activity.

In some variations, the system can be used as an input
device so that sensed activity can be used as a form of mnput
to a connected device such as a computer. In this manner the
system may provide an mput as part of a BCI, wherein the
system 1put device 1s integrated with other component

.
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outputs (e.g. as part of a VR flight simulator training
application). In one variation, the sensed activity can be
communicated as raw activity data (possibly preprocessed
for noise removal and/or for other enhancements). In one
example, the system may be used for medical research
and/or medical imaging. Additionally, or alternatively, the
output signal from the system can be activity/event classi-
fication or characterization. Machine learning models, heu-
ristic models, and/or other analysis processes may be used to
detect and classity diflerent activity states from the sensed
activity. This may be used to detect user intention and
thoughts to control other connected devices. The input may
be used as a form of direct user input but may alternatively
be used as a form of user state input. Analysis of the sensor
signal can be used to detect mental states such as attention,
emotions, tired/distracted, stress, relaxation, focus, and/or
other states. The system may also be able to detect abnormal
states such as seizure or an oncoming seizure. When applied
to sleep monitoring 1t may be used to track duration of
different stages of sleep.

In some variations, the system may additionally include a
computer system integration, wherein external data inputs
from one or more external computer systems may be used 1n
coordination with the operation of the wearable field sensing
device. The computer system integration can be an applica-
tion, computer service, operating system, or other suitable
specialized configuration of a computer-readable medium
(c.g., a non-transitory computer-readable medium) that
includes instructions when executed cause a computer sys-
tem to perform various operations. These operations may
involve dynamic control of the wearable field sensing device
in response to data mput from one or more external coms-
puter systems. For example, the biological sensor array may
alter sensing operation mode (e.g., changing from low
power mode to a higher power mode) in response to data
input from one or more external computer systems. This
may as part of BCI to trigger responsive sensing ol brain
activity 1n response to different states 1n a computer system.
Different localized regions of the biological sensor array
may be activated depending on the requirements. For
example, monitoring for different brain activity associated
with particular motor activities may be used when the
computer system wants to monitor for a particular action. In
another example, monitoring for different brain activity
associated with visual processing regions of the brain when
monitoring for visual activity.

The operations may alternatively involve dynamic control
of the one or more external computer systems 1n response to
the wearable field sensing device. The measured signals
from the wearable field sensing device may processed and/or
used 1n altering operating state of a connected computer
system. This may be used to use the wearable field sensing
device as a user interface mmput device for a computer.

In one sample example for the wearable field sensing
device, the system comprises a wearable structure, compris-
ing a portable cap fitted to a user head; a biological sensor
array, situated on the portable cap such that each sensor 1s
adjacent to the user head once the portable cap 1s wormn,
spans at least one distinct region of the user head of a user,
for field measurements in the at least one distinct region,
comprises at least 100 sensors per distinct region, and
wherein each sensor comprises an integrated circuit com-
prising an acoustically drniven ferromagnetic resonance
(ADFMR) sensor, configured to measure the EM fields on
and within the head of the user; an ambient sensor array,
comprising: an array of ADFMR sensors situated on the
portable cap configured to measure ambient EM fields in
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proximity of the portable cap; sensor shielding, comprising
a set of field coils situated on the portable cap and enabled

to generate magnetic fields on and around the portable cap;
a power system, comprising a battery situated on the por-
table cap; and a control circuitry, electrically coupled to the
system, enabling the system to function 1n a low power
operating mode, comprising operation of a subset of the
biological sensor array, and enabling the system to function
in a noise reduction operating mode, wherein the noise
reduction operating mode comprises activating the set of
field coils to cancel ambient EM fields measured by the
ambient sensor array.

3. ADFMR Sensor

The ADFMR sensor may comprise an acoustically driven
ferromagnetic resonance (ADFMR) sensor device, as
described 1 U.S. patent application Ser. No. 17/120,907,
filed on 14 Dec. 2020 and which 1s hereby incorporated 1n
its entirety by this reference. As shown in FIG. 10, an
acoustically drniven ferromagnetic resonance (ADFMR)
based sensor includes: a power source 210, that provides an
clectrical signal to power the system; and an ADFMR circuit
220, 1.e. a first “test” circuit, sensitive to electromagnetic
fields, wherein the ADFMR circuit comprises an ADFMR
device 222, and a detector circuit comprising an analog to
digital converter. The ADFMR sensor functions as the
ADFMR sensor described as part of the biological sensor
array and ambient field array to detect and measure external
clectromagnetic (EM) fields by measuring a perturbation of
the electrical signal through the ADFMR circuit due to the
EM fields. In some preferred embodiments, the ADFMR
sensor may 1nclude at least one additional circuit (e.g. an
additional test circuit, or a reference circuit), wherein the
system further includes at least one power splitter 232,
wherein the power splitter splits the electric signal to the at
least one circuit; and at least one power combiner 234,
wherein the power combiner combines the potentially per-
turbed electric signal output from the ADFMR circuit 220
with other electrical signals.

In some variations that include at least one additional
circuit, as shown in FIG. 11, the at least one additional
circuit comprises a lirst signal processing circuit, wherein
the first signal processing circuit 1s situated parallel to the
ADFMR circuit 220 and functions as a “reference” to the
ADFMR circuit. This system varnation, 1.¢. interferometer
variation, functions to detect and measure external electro-
magnetic (EM) fields by comparison of a perturbation of the
clectrical signal through the ADFMR circuit 120, as com-
pared to the unperturbed electrical signal through the first
signal processing circuit, 1.¢. a first reference circuit. That 1s,
in the interferometer variations of the system, the power
signal through the ADFMR circuit 220 1s perturbed by an
external field that i1s then interfered with an unperturbed
reference signal from the reference circuit. The interference
(e.g., destructive interference) profile between the test signal
and the reference signal, may then be used by the detector
circuit to determine the field strength.

In another variation, as shown 1n FIG. 12, the system may
function to measure the change (1.e. gradient) of external
EM fields, 1.e. function as a gradiometer. In gradiometer

variations, the at least one circuit may comprise an addi-
tional ADFMR circuit 220, 1.e. a second test circuit that 1s

sensitive to EM fields. In this variation, the difference i1n
measurement between the first test circuit and the second
test circuit may be used to determine the gradient of the EM
field. That 1s, 1n the gradiometer variations of the system, the
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power signal through both ADFMR circuits 220 are per-
turbed by the external field. By taking into account the
positional dependence of the two circuits, measurement of
the gradient of the field can be enabled through interference
(e.g., destructive interference) measurements between the
two signals.

In many variations, the system may additionally, or alter-
natively, include subcomponents to increase and/or modify
system capability. Examples include: additional ADFMR
devices 222 (e.g. enabling multi-dimensional field measure-
ments), amplifiers (e.g. to amplily the power/electrical sig-
nal), filters (e.g. to reduce internal and background noise),
matching networks (e.g. to match the signal power between
parallel circuits), attenuators, phase shifters (e.g. to alter
interference patterns between test and reference signal),
mixers (e.g. to mix signal frequency), magnetic field coils
(c.g. to shuft the signal band), and any other desired com-
ponents. Examples of potential system subcomponents
include: signal amplifiers (A), bandpass filters (F), attenu-
ators (1), inductors (L), phase shifters (y), couplers (c),
mixers (X), matching networks (M), analog to digital con-
verters (ADC), digital to analog converters (DAC), and
comparators (=), logic circuits, and field coils. The system
may include any other desired components as applicable.
FIG. 13 includes a glossary of terms and symbols of
subcomponents implemented 1n some variations of the sys-
tem.

These subcomponents may enable many additional varia-
tions. For example, the system may comprise: variations
optimized for low energy consumption, as shown in one
example 1n FIG. 14; vanations to reduce noise, as shown 1n
one example 1 FIG. 15 example; and vanations that opti-
mize the sensitivity and/or operating range of the system, as
shown 1n one example 1n FIG. 16. The system may addi-
tionally, or alternatively, comprise any combination or addi-
tional variation, as desired.

The system may include circuits and circuit segments,
parallel or 1n series, as part of the system. These circuits may
contain any circuit subcomponents (e.g. the aforementioned
subcomponents), as desired for functionality. As used 1n this
section, the term “circuit” will be used generally, to refer to
either an entire circuit, or a circuit segment. That 1s, a circuit
will not necessarily form a closed loop per se, but with the
combination of additional circuits, that may or may not be
explicitly presented here, the circuit may function as part of
a closed loop.

As shown 1 FIG. 17 and FIG. 18, numbering for circuits
refer to the number of test circuits (shown with primed
subscript numbers), circuits that include an ADFMR device
subcomponent; and signal processing circuits (shown with
subscript numbers). Test circuits may also be referred to as
ADFMR circuits or sensor circuits. Additionally, the first
test circuit may also be referred to without a numbering, e.g.
the test circuit, or the ADFMR circuit. Although circuits are
shown numbered only 1n parallel in the figures, variations of
the system may 1include that test circuits and/or signal
processing circuits in other non-parallel configurations
within the circuit.

In a general circuit layout of the system, as shown in FIG.
18, the system may comprise “n’ test circuits and “N”” signal
processing circuits, wherein n and N are arbitrary whole
numbers determined by the specific implementation. Circuit
subcomponents, 1.e. components on a specific circuit, may
be referred to with a subscript referring to the circuit
number, wherein primed subscripts will be used for test
circuit subcomponents (e.g. L., refers to an inductor on a
second test circuit) and non-primed subscripts will be used
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for signal processing circuit subcomponents (e.g. L, refers to
an mnductor on a second signal processing circuit). In some
variations, certain subcomponents may appear 1n regions
where 1t 1s not clear which circuit these components belong
to. These subcomponents may be included without any
subscript, or may include a subscript to connect 1t with a
desired circuit (e.g. when the subcomponent has a comple-
mentary functionality with the desired circuit).

As part of a circuit designation, circuit subcomponents
may be described as upstream or downstream 1n relation to
cach other. Herein, “upstream” and “downstream”™ are used
to refer to the direction of power traveling through the
circuit. That 1s, a subcomponent ‘A’ downstream from
subcomponent ‘B’ would refer to a positionality where the
power travels from subcomponent ‘B’ to subcomponent ‘A’
with or without other components 1n between. A subcom-
ponent ‘A’ upstream from subcomponent ‘B’ would refer to
a positionality where the power travels from subcomponent
‘A’ to subcomponent ‘B’, with or without other components
in between.

A system may include a power source 210. The power
source functions as an energy source, providing an electrical
signal to the system. In some variations, the power source
110 1s an electronic oscillator. The electronic oscillator
functions to provide the system with an oscillating voltage,
1.e. an alternating current (AC) power signal, wherein the
power from the oscillator 1s used to activate the sensor
circuit. Alternatively, other types of currents may be used,
¢.g. direct current (DC).

In some variations, the electronic oscillator 1s a voltage-
controlled oscillator (VCO). Preferably the frequency of the
oscillator 1s in the order of gigahertz. More preferably -2
GHz. High frequency pulsing of the oscillator may enable
fast turn-on and turn-ofl times of the sensor. Fast turn-on/
turn-ofl times may be on the order of microseconds or faster.
As the ADFMR device 222 may function with MHz oscil-
lations, the oscillator may alternatively be 1n any range that
enables ADFMR functionality, that 1s 1n the order of MHz to
GHz

-

T'he system may include at least one ADFMR circuit 220.
The ADFMR circuit 220 functions as a “test” circuit that
includes an ADFMR device which enables sensor activity
for the system. The ADFMR circuit 220 may also be referred
to as a sensor circuit or a test circuit. Dependent on the
variation, the system may include one, or multiple, ADFMR
circuits 220; wherein each ADFMR circuit may share
ADFMR devices 222 between them, have a single ADFMR
device, or have multiple ADFMR devices. In some varia-
tions, the system may include a set of ADFMR circuits.
Multiple ADFMR circuits 220 may be used for gradient field
measurements, multidimensional field measurements, and/
or to mmprove field measurement precision (e.g. through
overlapping measurements). ADFMR circuits 220 are posi-
tioned downstream of the power source 210, such that the
clectrical signal provided by the power source may be
implemented as a test signal along the ADFMR circuits.
In some variations, the system may comprise multiple
ADFMR devices 122, distributed on ADFMR circuits 220,
In one vanation, multiple ADFMR circuits 120 measuring
one, or multiple, dimensions may be implemented on a
single chip, much similar to the layout as shown 1n FIG. 19
or FIG. 20. Dependent on the desired implementation, each
dimensional functionality may be activated or deactivated.
In one variation, a single ADMR circuit 220 measuring,
one, some, or all desired dimensionalities may be 1mple-
mented on a single chip, much similar to the layout as shown
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in FIG. 21. Dependent on the desired implementation, each
dimensional functionality may be activated or deactivated.

The ADFMR device 222 is preferably a component of the
system, and additionally, a subcomponent of the ADFMR
circuit 220. The ADFMR device 222 functions as a device
that “measures” EM fields by enabling modification of a
radio frequency (RF) carrier signal (i.e. the test signal) using,
acoustically driven magnetic resonance. In many variations,
the magnetic resonance 1s implemented with a ferromagnetic
(1.e. ferromagnetic resonance), but may be implemented
with any magnetic material. Examples of other types of
magnetic material include: anti-ferromagnets, ferrimagnets,
etc. That 1s, although the device 1s referred to as an ADFMR
device 222, the ADFMR device may 1n actually be a, e.g.,
ferrimagnetic resonance device. The ADFMR device 222
may include: at least one acoustic transducer, that generates
and/or absorbs acoustic waves; an acoustic resonator, that
provides a medium for acoustic wave propagation; and a
magnetic material, that perturbs the acoustic wave due to
EM fields using magnetic resonance.

The ADFMR device 222 preferably includes an acoustic
transducer. The acoustic transducer functions to convert the
test signal to an acoustic wave, and/or convert the acoustic
wave to an RF signal (e.g. an altered test signal). The
acoustic transducer functions to generate and/or absorb
acoustic waves (or pressure waves), from an electrical
signal, that propagate along the acoustic resonator (e.g.
piezoelectric substrate).

Preferably, the acoustic transducers are implemented in
pairs, wherein one transducer generates the acoustic wave
that then propagates to the other acoustic resonator that 1s
then absorbed by the second transducer. That 1s, a first
acoustic transducer converts the test signal traveling through
the ADFMR circuit 220 into an acoustic wave; wherein the
acoustic wave propagates 1n, or along, the ADFMR device
222 to a second acoustic transducer, which then converts the
acoustic wave to an electrical signal. Alternatively, a single
acoustic transducer may both convert the RF test signal to an
acoustic wave, and the acoustic wave back into an RF signal.
For example, an electrical signal may be converted mto an
acoustic wave by an acoustic transducer, the acoustic wave
propagates out and 1s then reflected back to the acoustic
transducer, which then converts the acoustic wave back 1nto
an electrical signal. In other examples, multiple acoustic
transducers may be mmplemented both to generate and to
absorb the acoustic waves. That 1s, multiple acoustic trans-
ducers may be mmplemented per ADFMR device 122,
wherein a single, or multiple, RF signals may be converted
to acoustic waves and/or acoustic waves converted to RF
signals; once, or multiple times.

The acoustic transducer preferably generates an acoustic
wave appropriate to the type of ADFMR device 222.
Examples of generated acoustic may include: surface acous-
tic waves (SAWSs), bulk acoustic waves (BAWs), and lamb
waves. The specific acoustic transducer may be implemen-
tation specific. The type ol acoustic transducer may be
dependent on the electrical signal (e.g. signal frequency,
signal power), and/or the type of acoustic wave generated
(e.g. surface acoustic, bulk acoustic waves). For example, 1n
variations wherein the system uses lamb waves, the acoustic
transducer may comprise of electromagnet-acoustic trans-
ducers (EMAT). In variations wherein the system uses
SAWs, the acoustic transducer may comprise interdigital
transducers (IDTs). Alternatively, other types of transducers
(c.g. film bulk acoustic resonators, high-overtone bulk
acoustic resonators) may be implemented that either gener-
ate SAWs or other types of acoustic waves. The acoustic
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wave 1s prelerably generated at, or near, the resonance
frequency of the ferromagnet. The acoustic wave 1s prefer-
ably propagated 1n, or along, the acoustic resonator through
the ferromagnet. Thus, the acoustic wave may enable the
ferromagnet to function at, or near, resonance.

In some varnations wherein the system uses SAWs, the
acoustic transducer may comprise an IDT. The IDT may
function to generate a SAW from an electrical signal (or
generate an electrical signal from a SAW) using the piezo-
clectric eflect. The IDT 1s a device comprising of interlock-
ing comb-shaped arrays of metallic electrodes, forming a
periodic structure, positioned on a piezoelectric substrate
(e.g. quartz, lithium niobate). The IDT may have any desired
configuration/shape. One example IDT configuration 1is
shown 1 FIG. 22. For the pairs of IDTs, preferably one
functions as an input IDT and one functions as an output
IDT. The mput IDT may convert a radio frequency (RF)
clectrical signal to a surface acoustic wave (SAW) using the
piezo-electric effect. The output IDT functions by absorbing
the SAW and converting it back to an electrical signal.

The ADFMR device 222 may include an acoustic reso-
nator. The acoustic resonator functions as a medium to
enable propagation of acoustic waves. The acoustic resona-
tor may enable wave propagation through a volume (e.g.
BAWSs), along the surface of a medium (e.g. SAWs), through
the cavity of a medium (e.g. sound waves propagating
through an air cavity of the acoustic resonator). The acoustic
resonator may be composed of any maternal that enables the
desired type of acoustic wave propagation. In some varia-
tions the acoustic resonator 1s composed of a piezoelectric
substrate (e.g. quartz). In some variations, the acoustic
resonator may comprise the main “body” of the ADFMR
device 222, wherein all other components are situated on, or
around, the acoustic resonator.

In some vanations, the acoustic resonator 1s a piezoelec-
tric substrate. The piezoelectric substrate enables formation
and propagation ol acoustic waves by the piezoelectric
cllect. The piezoelectric substrate may be composed of any
desired piezoelectric compound (e.g. most crystal or ceramic
compounds). In one preferred variation a Y-cut lithium
niobate substrate 1s used as the piezoelectric substrate. In
some variations that include two acoustic transducers, the
length of space between the two acoustic transducers (i.e.
delay line) 1s 1-3 mm. In one example, a piezoelectric
substrate (e.g. zinc-oxide) 1s deposited underneath or above
the two IDTs on the ADFMR base (e.g. diamond base
material).

The ADFMR device 222 may include a magnetic mate-
rial, preferably a magnetostrictive material. The magneto-
strictive property may enable the magnetic material to
convert strain mto a change 1n magnetization, or enable the
conversion of a change 1n magnetization into strain. The
only limitation on the magnetic material 1s that the magnetic
material may achieve resonance on a macroscopic scale (1.¢.
resonance beyond the excitation of individual molecules
and/or atoms). Examples of magnetic material include,
ferromagnets, ferrimagnets, anti-ferromagnets, paramag-
nets, diamagnets, etc. In some variations, the magnetic
material may comprise a ferromagnet, and/or a ferromag-
netic mixture. The magnetic material functions to absorb
acoustic waves, wherein at resonance the absorption 1s very
sensitive to magnetic fields. Preferably, the magnetic mate-
rial 1s positioned in the path of the acoustic wave (along the
delay line), such that the local magnetic field sets the
magnetic material’s resonant frequency to, or close to, the
acoustic wave Irequency—thereby enabling the magnetic
material to eflectively absorb the acoustic wave and thus
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change the propagating acoustic wave with respect to the
magnitude of the field. In preferred vanations, the ferro-
magnet 1s laid in between the two acoustic resonators (e.g.
as a magnetic film), wherein the thickness and length of the
magnetic material plays a significant role 1n absorption, thus
the magnetic material may be of varying thickness and be of
different length dependent on implementation. For ferro-
magnetic variations, examples of implemented types of
terromagnets 1nclude 1ron, nickel, and cobalt, but may be
any suitable type of ferromagnet. In some variations, the
system may be implemented with other magnetic matenals,
for example: paramagnets, diamagnets, ferrimagnets, anti-
ferromagnets, or any combinations of these materials. Simi-
lar to the ferromagnet variation, the magnetic material may
be implemented at or near resonance to absorb magnetic
fields.

In some variations, the ferromagnetic has a spatial orien-
tation. That 1s, the ferromagnetic may be built and oriented
such that EM fields with one spatial orientation (e.g. x-di-
rection) may ailect the interaction between the magnet and
the acoustic wave, wherein fields from other orientations
may leave the ferromagnet unaffected. In this manner,
dependent on implemented ferromagnet, the ferromagnet
(and thus the ADFMR device 222) may be sensitive to one,
two, or three spatial dimensions.

In some variations, the ADFMR device 222 may include
a signal detector. The signal detector functions to measure
the output power signal from the ADFMR device 222. Since
the output power signal may have been perturbed by the
applied field, the output power signal may be used to
determine the field strength. The signal detector may addi-
tionally include noise reduction functionalities. In one varia-
tion, the signal detector may perform a Fourier transform to
separate the desired output signal from other extraneous
Electromagnetic (EM) waves. For example, an input acous-
tic transducer may additionally generate extraneous EM
waves. The signal detector may perform a Fast Fourier
Transform to isolate and remove these extraneous waves
from the desired signal. Due to the time delay of acoustic
wave propagation, as compared to EM wave propagation,
other time dependent methods may be used to separate
acoustic waves from EM waves. For example, in one
implementation, the electronic oscillator may be cycled on
and off for fixed periods of time, enabling measurement of
the propagating acoustic waves during the electronic oscil-
lator off cycle, thus potentially removing undesired signals.

In some variations, as shown 1n the example FIG. 23, the
ADFMR device 222 may be a SAW device. That 1s, 1n one
SAW device example, the ADFMR device 222 may com-
prise: two IDTs, an input IDT and an output IDT; positioned
along a piezoelectric substrate; wherein a magnetic film 1s
positioned along the piezoelectric substrate 1n between the
two IDTs. The specific configuration and shape of the SAW
device may vary dependent on implementation. Example
variations include: having a single SAW device per ADFMR
circuit 120 (e.g. the FIG. 23 SAW device); having spatially
oriented ferromagnets (one or more) on the SAW device, for
a multidimensional field sensor, as shown 1n FIG. 24 and
FIG. 25; utilizing a single SAW device with a single
ferromagnet between multiple ADFMR circuits 120, as
shown 1n FIG. 26; utilizing a single SAW device with
multiple ferromagnets, either as an interferometer or gradi-
ometer implementation, as shown in FIG. 27; having mul-
tiple distinctly oriented ferromagnets 1n series (e.g. as part of
a serial multi-dimensional sensor), as shown in FIG. 28.
Specific vanations may include fewer, or additional com-
ponents, as desired or necessary.
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In some variations, the ADFMR device 222 includes a
field coil (FC). The field coil could be a direct current (DC)
coil and/or any suitable coil or system for creating a mag-
netic field. Any other suitable component that can create a
field to offset the power output may be used. The field coil
functions to generate a magnetic field bias to positively or
negatively offset the output of the ADFMR device 222. In
one vanation, the field coil reduces the power output by
inducing a reduced external field that the ADFMR device
222 1s exposed to. The field coil may be implemented to
oflset the power output to a small output regime wherein
circuit components function linearly, thereby reducing sys-
tematic error to non-linearities. For example, an amplifier
may have a much smaller range of linear amplification as
compared to the ADFMR device 222 output. Reducing the
range ol the sensor output would thus enable linear func-
tionality of the amplifier. The field coil could potentially
apply a magnetic field at any frequency (or combination of
frequencies) as needed. For example, if the system were

exposed to a large unwanted signal from power lines (e.g. 60
Hz) 1n addition to the Earth’s field, the unwanted power line
alternating field as well as the Earth’s field could be can-
celled out. The field coil may be used to apply any suitable
type of canceling magnetic field.

The field coil may oflset the power output to any desired
range. In some variations, the field coil may oflset the
external field to near zero. In other variations, the field coil
may alternatively, or additionally, ofiset the magnetic field to
a range where the ADFMR sensor tunctions optimally. For
example, in 1mplementations where the system 1s used as a
gradiometer, the field coil may offset the magnetic field to
the regime where a change in the external field would lead
to the largest change 1n power output (e.g. inflection point of
the output power spectra).

The system may include a detector circuit. The detector
circuit functions to take the output of the ADFMR circuits
220 (1.e. the potentially perturbed electrical signal), and any
other components, and determine the EM field strength. In
many variations the detector circuit comprises an analog to
digital converter (ADC). An ADC functions to convert an
analog signal to a digital signal. In some variations, the ADC
may be utilized to convert the output signal to a digital signal
for analysis. In some variations, ADCs may be implemented
for each circuit (including the ADFMR circuit 120). In these
variations the ADC converts the signal output of the circuit
into a digital output prior to combining the circuit signals.
All circuit digital outputs may then be combined to a digital
output signal.

In vanations that include parallel circuits, the system may
additionally include power splitters 232 and/or power com-
biners 234. The power splitter 232 functions to split the
power signal into multiple parts, enabling the connection of
an additional parallel circuit component; and the power
combiner 234 functions to combine multiple circuits. In
many variations, the power splitter 232 enables splitting the
original power signal into a test signal and a reference
signal. Additionally, or alternatively, the power splitter 232
may split the power signal into multiple test signals and/or
multiple reference signals. In addition to other properties,
the power splitter/combiner set enables the functionality of
an nterferometer for field measurement. That 1s, a power
signal may be split into two parts (e.g. test and reference
signal), wherein one (or both) signals may be altered (e.g.
through power absorption of a field through the ADFMR
device). The field may then be measured by examining the
interference pattern generated once the two signals are
combined. The system may include a pair of power splitter/
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combiners for each parallel circuit included in the system.
Alternatively, the system may include more, or fewer, power
splitter/combiner pairs for each parallel circuit included 1n
the system. In some variations, the system may include an
unequal number of power splitters 232 and power combiners
134 (e.g. one split power signal may be connected to a
ground and not require a power combiner).

For some multi-dimensional implementations field detec-
tion, the system may include additional power splitters/
combiners to enable the addition of ADFMR circuits 220.
For example, for an implementation enabling measurement
of fields 1n a plane, the system may include a power splitter
232 that splits the circuit mto a first test circuit and a second
test circuit; and a power combiner 234 that combines the first
ADFMR circuit 220, that measures the field 1n an “x-direc-
tion”, and a second ADFMR circuit, that measures the field
in a “y-direction”. The system may additionally have a
second pair of power splitters/combiners (instead of the
shown couplers), wherein the power signal 1s mitially split
into a reference signal and a test signal. Alternatively, a
single test circuit may have multiple ADFMR devices 222 1n
series (e.g. with different orientations), such that their ori-
entation enables measurement of the field 1n multiple dimen-
sions. In some variations, these ADFMR sensors in series
may function simultaneously, wherein other vanations they
may alternate.

As discussed previously, the system may additionally
include a combination of various subcomponents. Example
subcomponents include: signal amplifiers, bandpass filters,
attenuators, inductors, phase shifters, couplers, mixers,
matching networks, field coils, and comparators. Subcom-
ponents may be mcorporated on test circuits, signal process-
ing circuits, or on any other part of the system as desired.

In some variations, the system includes at least one
amplifier (A). An amplifier functions to increase the signal
strength. The amplifier may help counteract the effects of
power dissipation and reduced power due to splitting the
original power. The amplifier may be an active or passive
amplifier.

In some variations, the system may include attenuators (1).
An attenuator functions to reduce the power of the signal
without aflecting the signal waveform. In some vanations,
attenuators are implemented to reduce noise. Additionally,
the attenuators may match the power signal amplitude
between parallel circuits (e.g. between a test circuit and a
reference circuit). Attenuators may be digital or analog. In
some variations digital attenuators are used to maximize
removal of 1/1T “pink™ noise; noise proportional to the power.
Analog attenuators also reduce 1/1 noise, but are dependent
on the noise signal of their control voltage. In some varia-
tions, the ADFMR circuit 120 may include an attenuator.

In some variations, the system includes at least one
bandpass filter (F). A bandpass filter functions by narrowing,
the electrical signal band, thereby enabling a narrower wave
band for application and/or analysis. This may additionally
be the case once a signal 1s amplified which may naturally
broaden signal spectrum.

In some variations, the system includes at least one
inductor (L). An inductor functions to store energy in a
magnetic field. Matching inductors may match the 1imped-
ance of the transducer to any circuit component adjacent to
the transducer. In some variations, the system may include
matching inductors that match acoustic transducers to mixer
input.

In some variations, the system includes at least one phase
shifter (v). The phase shifter function by “shifting” the phase
of the electrical signal. The phase shifter may be imple-
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mented to apply constructive or destructive interference
between parallel circuits that are then combined. This 1s
particularly important in implementing an interferometer.

In some variations, the system may include at least one
mixer (1.e. frequency mixer (X)). The mixer functions to
combine two electrical signals into one. The mixer may
multiply signals enabling frequency mixing. In some varia-
tions, the mixer may bring down a ~1 Ghz frequency from
the ADFMR device 222 to a 0 frequency DC. Additionally,
the mixer may enable mixing the original power source 110
signal with the ADFMR device 222 output to remove
clectronic oscillator noise.

In some variations, the system includes at least one
coupler. A coupler functions by coupling power travelling
through one circuit to another circuit, enabling the same
signal to be used 1n another circuit. In some variations the
coupler may be used 1nstead of a power splitter to maintain
the same level of power 1 both paths. In some vanations,
the system may additionally include a hybnd coupler. The
hybrid coupler enables coupling two iput sources to two
output sources. In some preferred variations, the hybnd
coupler 1s implemented two split a single iput source and
shift the phase of the output sources.

In some variations, the system includes at least one
matching network. The matching network may comprise a
combination of inductors and capacitors. The matching
network may function to both make an impedance match
between the acoustic transducer and adjacent circuit com-
ponents (e.g. mixer mput) and allow the transducer imped-
ance to appear high such that 1t can be attached to a
high-efliciency (low power) oscillator. In some vanations,
matching networks may match the impedance of the trans-
ducer to any circuit component adjacent to the transducer. In
some variations, the system may include matching networks
that match acoustic transducers to mixer input.

In some variations, the system includes at least one
comparator (z). The comparator functions to detect the sign
of the output signal, 1.e. positive, negative, or zero. The
comparator may be used with a logic circuit, to enable
incremental changes to the output signal.

As mentioned previously, the system includes at least one
ADFMR circuit 220 (1.e. a first ADFMR circuit), compris-
ing, at least, one ADFMR device 222; wherein each
ADFMR circuit includes an ADFMR device subcomponent
and/or shares an ADFMR device subcomponent with other
ADFMR circuits The ADFMR circuit 220 functions to
measure the external magnetic field. Dependent on variation,
cach ADFMR circuit 220 may be 1dentical or distinct. The
ADFMR circuit 220 may have additional subcomponents
depending on implementation. For example, 1n one imple-
mentation, the ADFMR circuit 220 may include matching
networks. In other varnations, the ADFMR circuit 220 may
include inductors and/or attenuators. The ADFMR circuit
220 may additionally or alternatively have other compo-
nents, such as an amplifier or a phase shifter.

In one “low-power” vanations the ADFMR circuit 220
includes a matching network. In this variation, the matching
network may function to match the impedance of the
ADFMR circuit with another circuit. In this variation, the
system may 1nclude a high-impedance power source (e.g.
oscillator), and the acoustic transducers of the ADFMR
device may be lower-impedance.

In one lower power example, as shown 1 FIG. 14, the
ADFMR sensor may include only a mixer and a detection
circuit. The low power example functions 1n detecting fields
at very low power consumption (less than 25 uW). In
variations wherein the ADFMR device comprises a SAW
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device, the system may additionally include a matching
network prior to the interferometer and after the interterom-

cter. The matching network may provide high resistance and
match the IDT impedance to the electronic oscillator and
mixer impedance, thereby matching their voltages.

In one general interferometer application example, as
shown 1n FIG. 15, the interferometer additionally includes a
vector modulator circuit, an IQQ mixer circuit, an amplifica-
tion circuit, and a detection circuit. In this example, the
amplification circuit amplifies the output of the “mner”
interferometer and an “outer” interferometer, vector modu-
lator circuit, which then connect to an IQQ mixer circuit. All
signals eventually combine and are output to the detection
circuit. The general application example functions to mea-
sure fields as desired. This example may be additionally or
alternatively implemented for a gradiometer system.

In one large disparity example, as shown in FIG. 16, that
may include large disparity in field strengths, the general
application example may additionally include a linearization
circuit. The large disparity example functions to precisely
measure fields that may have a large disparity in magnitude.
Although the general application example could function
over a wide range, the large disparity example includes a
teedback loop that may reduce non-linear eflects due to the
wide disparity of field magnitudes, thereby making field
measurements more accurate.

4. Method

As shown 1n FIG. 29, a method for measuring EM field
biological activity through a wearable field-measuring
device comprising: enabling the field-measuring device
S110, wherein the field-measuring device comprises a
device capable of measuring EM fields 1n tissue adjacent to
the device; monitoring device sensors 1n desired measuring,
regions S120; and localizing field activity S130, comprising,
identifying the source of the EM field activity and removing
noise. The method functions to 1dentify the source of bio-
logical activity and monitor the biological activity through
the measurement of EM fields of a living organism (e.g.
human) proximal to the region of activity. The method
preferably functions with a wearable field-measuring device,
preferably a device similar to the one described above.

The method may be implemented with different wearable
devices to observe different types of biological activity. For
example, a helmet, or portable cap, device may monitor
brain activity; leg bands and other body bands may be
utilized to monitor muscle activity; and a chest band or chest
patch may be utilized to monitor heart activity. The method
1s preferably implemented by a system or variation thereof
of the system described above. However, any suitable sys-
tem may alternatively be used.

The field-measuring device may be a “wearable” form
tactor, housing for sensors dispersed densely on the interior
region of the form factor. The field-measuring device may
have any desired general form, but will, generally speaking,
have an “interior” shape to match the contours of the wearer,
particularly the region of desired field measurement.
Examples of the general shape of the field-measuring device
include: helmet, headband, wristband, leg-band, girdle, and
form fitting patch.

Preferably, sensors are densely dispersed on the interior of
the field-measuring device. Generally speaking, the field-
measuring device may have a 1-10000 sensors 1n a desired
implementation, wherein the method enables a large vari-
ability of implementations. Dependent on the size of the
desired region of measurement, and other factors, field-
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measuring device may have a fewer or a greater number of
sensors. In preferred variations, the sensors are ADFMR
sensors, as described 1n other regions, but may alternatively
be any sensor device that 1s suiliciently compact, as
described, and sufliciently sensitive to measure biological
EM fields from the surface skin of an individual.

Block 5110, which includes enabling the field-measuring
device, functions to enable sensor activation. Enabling the
field-measuring device S110 includes setting the device such
that the device sits firmly 1n place with sensors adjacent to
the skin of an individual (or adjacent to surface of another
object to be monitored) over a desired region of measure-
ment. In this manner, enabling the field-measuring device
S110 may include wearing the device. To be noted, the term
“wearing” here 1s used to refer to fixing the field-measuring
device 1n place on the body of the user. Wearing thus may
include wearing a hat by fixing 1t around the crown of the
head of a person, adhering a patch to the chest of the user,
stretching a band around a leg of the user, or any other action
that fixes the field-measuring device 1n place appropnately.
Wearing of the device can additionally enable the device to
move with the user. As a wearable device, the sensors
preferably stay substantially stationary relative to the user
thereby measuring the same location even when the user
moves. This can be particularly useful over other MEG
systems that can be sensitive to user movement greater than
0.5 cm especially when measuring physical activities, chil-
dren, animals, and the like.

Enabling the field-measuring device S110 preferably
includes wearing the device such that the sensors are 1n
suflicient proximity with a wearer. In preferred varations,
the distance between the sensors and the user skin 1s less
than 1 cm.

Enabling the field-measuring device S110, preferably
includes different actions dependent on implementations, or
combinations ol implementations. In one 1mplementation,
the field-measuring device 1s specifically built to fit the
contour of a user (e.g. a helmet) and enabling the field-
measuring device S110 includes placing the field-measuring
device 1n place. In a second implementation, the field-
measuring device may be composed of stretchable material
(e.g. leg band) and enabling the field-measuring device S110
includes stretching the device over the desired region. In a
third 1implementation, the field-measuring device may be
malleable, or semi-malleable (e.g. soft metals such as alu-
minum), and enabling the field-measuring device S110
includes shaping the field-measuring device around the user;
¢.g. an aluminum helmet. In a forth implementation, the
field-measuring device may comprise of modular subcom-
ponents, wherein enabling the field-measuring device S110
includes bulding the field-measuring device around the
contour of the user. In a fifth implementation, the field-
measuring device may comprise a patch (e.g. chest patch)
and enabling the field-measuring device S110 includes
adhering the patch to the chest of the user.

Block S120, which includes monitoring device sensors 1n
a desired measuring region, functions to measure the EM
field at the sensors on the field-measuring device. Depend-
ing on the implementation, block S120 may include moni-
toring all sensors simultaneously and/or monitoring sensors
in clusters. Monitoring may occur continuously, or may
occur at fixed intervals. In preferred vanations S120, both
the number of sensors monitoring at one time and the rate of
monitoring may be altered as desired. For example, block
S120 may slow the rate of brain monitoring 1f the time
evolution of the varniation in brain EM fields slows down
(e.g. i a user falls asleep during observation).
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In some preterred vanations, block S120 includes reduc-
ing cross-talk. Reducing cross-talk preferably functions to
reduce sensor noise. Reducing cross-talk comprises stagger-
ing measurement ol the EM field over the sensors of the
EM-field device. That 1s, block S120 includes monitoring
spatially grouped sensors together, while turning off sensors
around the spatially grouped sensors. In this manner, reduc-
ing cross-talk may reduce the sensor noise by significantly
reducing noise outside of the active monitoring group of
SEeNsors.

Block S120 may also change with continuous monitoring,
through implementation of block S130. For example, if the
main source of the EM field 1s determined, monitoring
device sensors 1 a desired region S120 may narrow the
desired region and only monitors sensors 1n proximity of the
EM field source.

Block S130, which includes localizing field activity, pret-
erably functions to 1dentify the source of the biological EM
field. In preferred vanations, block S130 includes processing
sensor data accrued from block S120, locating the source
tissue(s) that generated the field activity, and following the
time evolution of the source tissue. Generally speaking,
localizing field activity S130 includes solving the inverse
problem from the sensor field data.

Solving the inverse problem preferably includes solving
an eigenvalue problem using numerical methods (e.g. spec-
tral methods, least squares, Monte-Carlo simulations). In
some variations, the problem may be numerically too inten-
sive to arrive at a solution with suilicient accuracy 1n a
reasonable amount of time. This may be due to the number
of sensor field points, system and external noise, and the rate
of the time evolution of the EM field(s). In these vanations,
block S130 preferably includes optimization techniques to
improve both the speed and accuracy of solving the inverse
problem.

In some preferred vanations, block S130 includes spa-
tially averaging sensor data. Spatially averaging sensor data
preferably functions to reduce the complexity of the inverse
problem and to reduce system noise by averaging sensor
data into local clusters. Spatially averaging sensor data
cnables solving the inverse problem over a smaller set
sensor points, thereby reducing the processing time of the
calculation at the cost of reduced precision. Dependent on
the complexity of the problem and the method 1mplemen-
tation, the magnitude of the spatial averaging may be
different for any given implementation. Additionally, as the
monitored system evolves, the use of other optimization
techniques (e.g. recursive techmiques, improved starting
value guesses) may be implemented to reduce magnitude of
spatial averaging. For example, 1n some variations, or during
certain times of activity, coarse location determination may
be implemented 1n addition, or as an alternative, to spatial
averaging sensor data. Coarse location determination may
include utilizing a sparse selection of sensors (e.g. utilizing
1 of every 100 sensors).

In some vanations, the method may additionally incor-
porate other processes for enhancing sensing and/or char-
acterizing activity.

As one exemplary varnation, the method may additionally
include sensing device orientation and correcting sensor data
for a stationary magnetic field. This can function to remove
the earth’s magnetic field and/or other magnetic field
sources from the data. Sensing device orientation when the
system 1s a head-worn device can include sensing head
position and/or orientation. In one implementation sensing,
head orientation can include sensing with a magnetic sensor
(c.g., a magnetometer) the earth’s magnetic field and sub-
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tracting this field from sensor data of preferably all sensors.
This subtraction can account for relative ornientation and
position of each sensor relative to the magnetic sensor. Since
the noise 1s shared among all ADFMR sensors, 1t may be
removable with synthetic gradiometry or any suitable alter-
native process. Sensing head orientation may be used for
determining individual sensor orientation relative to the
magnetic field. An IMU, accelerometer, cameras (on the
device using inside out visual tracking or ofl device using
outside-in visual tracking), and/or any suitable tracking
system may be used. Motion tracking of the head may be
continuously updated such that noise removal can be con-
tinuously updated.

Other forms of noise removal may additionally or alter-
natively be used. In some use cases, the method may include
detecting and/or characterizing a background noise profile
and synthetically removing the background noise. These
external sources of noise may be from other electronic
devices present in the environment. As one exemplary
approach, the method may include: mitiating a calibration
mode where a background noise profile 1s generated, detect-
ing frequency ranges where the noise 1s present based on the
background noise profile, and filtering out the identified
frequency ranges of the noise from the sensor data. In some
cases, select frequency ranges may be filtered out by default.

In some alternative implementations noise may be
addressed through physical design and configuration of the
system such as by orienting sensors to be minmimally sensi-
tive to magnetic fields generated by other electronics, and/or
by shielding magnetic sensors from other electronics using
special electrical control signals or optical connections as
discussed herein.

In another varnation, the method may include processes to
accommodate interference from other human activity. This
may be used to 1solate sensed and/or detected activity from
other signal activity. Such vanations may further include
sensing human activity and removing induced bio-signal
noise from the sensor data. This can include using additional
biometric sensors, motion sensors, or external tracking sen-
sors (e.g., external 1maging systems) to detect and track
actions. In one vanation, the detected activity 1s motion
information of the user. For example, the method may
include collecting 1mage data of a user; detecting blinks, arm
movements, finger movements, talking, and/or other muscle
movements from the wvisual data; and applying a filter
process on the sensor data to reduce or remove signal
contributions from this activity.

As another variation, the method may include contextu-
ally activating system. This functions to dynamical adjust
the activation of diflerent subsets of sensors to accommodate
the current conditions. Here activating (and/or deactivating)
may describe any suitable change 1n the sensing modes. In
one example, activating may include powering on a sensor
and deactivating includes powering ofl. Activating may also
include changing other operating properties such as chang-
ing power mode, changing sampling frequency, changing
sensing range, and/or making other changes to the sensing.

In one variation, the monitoring state of the device can be
dynamically altered based on the state of a connected device.
This can include detecting the operating mode of a con-
nected device and altering the sensing mode, e.g. as part of
a braimn computer interface (BCI) interaction. As a {irst
example, 1I a user 1s moving a character in a video game,
then this motion activity may be used to trigger activating a
motor cortex sensing region. As another example, 1 a
computing device 1s measuring reactions to visual stimuli,
then this may trigger activating a visual cortex sensing
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region and deactivating other regions. This may be particu-
larly applicable to simulators (e.g. a tlight simulator).

In another related wvariation, the method can include
monitoring multiple sensing regions, detecting an activity
state, and, 1n response to one activity state, 1solating sensing
to one or more sensing region. This may enable the method
to adaptively alter monitoring mode based on the current
activity. This may be particularly useful in open-scenario
situations where there may be no information or limited
information on the current task. Monitoring multiple sensing
regions may be performed i a low power mode until
localized sensing 1s triggered from some event.

Dynamic 1solated monitoring may localize sensing to
multiple mental functions or activities. For example, a low
power background activity monitoring may detect engage-
ment with motor-based and visual-based activity and then
activate sensing localized to the motor cortex sensing region
or the visual cortex sensing region.

The configuration of localized sensing may be learned.
Configuration of sensing for different activity modes may be
learned according to patterns 1n sensed data from one or
more users. In one implementation, machine learning or
other algorithmic approaches may be trained to determine
which tasks are commonly associated with each other (e.g.,
commonly paired or follow each-other), this may be used to
adjust the sensing based on predictive expectations. The
configuration of localized sensing for different activity
modes may alternatively be fully or partially preconfigured.
The preconfiguration may be set based on knowledge of the
brain (e.g., which regions correspond to what activity),
and/or set based on prior analysis of activities.

4. System Architecture

The systems and methods of the embodiments can be
embodied and/or implemented at least in part as a machine
configured to receive a computer-readable medium storing
computer-readable instructions. The 1nstructions can be
executed by computer-executable components integrated
with the application, applet, host, server, network, website,
communication service, communication interface, hard-
ware/firmware/software elements of a user computer or
mobile device, wristband, smartphone, or any suitable com-
bination thereof. Other systems and methods of the embodi-
ment can be embodied and/or implemented at least 1n part as
a machine configured to receive a computer-readable
medium  storing computer-readable 1nstructions. The
instructions can be executed by computer-executable com-
ponents integrated with apparatuses and networks of the
type described above. The computer-readable medium can
be stored on any suitable computer readable media such as
RAMs, ROMs, flash memory, EEPROMSs, optical devices
(CD or DVD), hard drives, floppy drives, or any suitable
device. The computer-executable component can be a pro-
cessor but any suitable dedicated hardware device can
(alternatively or additionally) execute the instructions.

In one vanation, a system comprising of one or more
computer-readable mediums storing instructions that, when
executed by the one or more computer processors, cause a
computing platiform to perform operations comprising those
of the system or method described herein such as: enabling
a field measuring device; monitoring device sensors 1n
desired measuring regions; localizing field activity.

Similarly, in another variation, a non-transitory computer-
readable medium storing 1nstructions that, when executed by
one or more computer processors of a communication

platform, cause the communication platform to perform
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operations of the system or method described herein such as:
monitoring device sensors in desired measuring regions;
localizing field activity.

FIG. 30 1s an exemplary computer architecture diagram of
one 1mplementation of the system. In some implementa-
tions, the system 1s implemented in a plurality of devices in
communication over a communication channel and/or net-
work. In some implementations, the elements of the system
are 1mplemented 1n separate computing devices. In some
implementations, two or more of the system elements are
implemented 1n same devices. The system and portions of
the system may be integrated into a computing device or
system that can serve as or within the system.

The communication channel 1001 interfaces with the
processors 1002A-1002N, the memory (e.g., a random
access memory (RAM)) 1003, a read only memory (ROM)
1004, a processor-readable storage medium 1005, a display
device 1006, a user input device 1007, and a network device
1008. As shown, the computer infrastructure may be used 1n
connecting wearable field sensing device 1101, biological
sensor array 1102, control circuitry 1103 and/or other suit-
able computing devices.

The processors 1002A-1002N may take many forms, such
CPUs (Central Processing Units), GPUs (Graphical Process-
ing Units), microprocessors, ML/DL (Machine Learning/
Deep Learning) processing units such as a Tensor Processing
Unit, FPGA (Field Programmable Gate Arrays, custom
processors, and/or any suitable type of processor.

The processors 1002A-1002N and the main memory 1003
(or some sub-combination) can form a processing unit 1010.
In some embodiments, the processing unit includes one or
more processors communicatively coupled to one or more of
a RAM, ROM, and machine-readable storage medium; the
one or more processors of the processing unit receive
instructions stored by the one or more of a RAM, ROM, and
machine-readable storage medium via a bus; and the one or
more processors execute the received instructions. In some
embodiments, the processing unit 1s an ASIC (Application-
Specific Integrated Circuit). In some embodiments, the
processing unit 15 a SoC (System-on-Chip). In some
embodiments, the processing unit includes one or more of
the elements of the system.

A network device 1008 may provide one or more wired or
wireless interfaces for exchanging data and commands
between the system and/or other devices, such as devices of
external systems. Such wired and wireless interfaces
include, for example, a universal serial bus (USB) interface,
Bluetooth interface, Wi-Fi1 interface, Ethernet interface, near
field communication (NFC) interface, and the like.

Computer and/or Machine-readable executable instruc-
tions comprising of configuration for soltware programs
(such as an operating system, application programs, and
device drivers) can be stored 1n the memory 1003 from the
processor-readable storage medium 1005, the ROM 1004 or
any other data storage system.

When executed by one or more computer processors, the
respective machine-executable mstructions may be accessed
by at least one of processors 1002A-1002N (of a processing
umt 1010) via the communication channel 1001, and then
executed by at least one of processors 1001 A-1001N. Data,
databases, data records or other stored forms data created or
used by the software programs can also be stored in the
memory 1003, and such data 1s accessed by at least one of
processors 1002A-1002N during execution of the machine-
executable instructions of the software programs.

The processor-readable storage medium 1003 1s one of (or
a combination of two or more of) a hard drive, a flash drive,
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a DVD, a CD, an optical disk, a floppy disk, a flash storage,
a solid state drive, a ROM, an EEPROM, an electronic
circuit, a semiconductor memory device, and the like. The
processor-readable storage medium 1005 can include an
operating system, software programs, device drivers, and/or
other suitable sub-systems or soitware.

As used herein, first, second, third, etc. are used to
characterize and distinguish various elements, components,
regions, layers and/or sections. These elements, compo-
nents, regions, layers and/or sections should not be limited
by these terms. Use of numerical terms may be used to
distinguish one element, component, region, layer and/or
section from another element, component, region, layer
and/or section. Use of such numerical terms does not imply
a sequence or order unless clearly indicated by the context.
Such numerical references may be used interchangeable
without departing from the teaching of the embodiments and
variations herein.

As a person skilled 1n the art will recognize from the
previous detailed description and from the figures and
claims, modifications and changes can be made to the
embodiments of the invention without departing from the
scope of this invention as defined 1n the following claims.

We claim:

1. A system for a wearable field sensing device for
biological electromagnetic (EM) field measurement com-
prising;:

a wearable structure, comprising a portable cap fitted to a

user head:;

a biological sensor array,

situated on the portable cap such that a plurality of
sensors 1n the biological sensor array 1s adjacent to
the user head once the portable cap 1s worn,

spans at least one distinct region of the user head, for
field measurements in the at least one distinct region,

the biological sensor array comprising an array of
acoustically driven ferromagnetic  resonance
(ADFMR) sensor units situated on the interior of the
wearable structure, an ADFMR sensor unit being an
application specific mtegrated circuit (ASIC) pack-
age that comprises at least one ADFMR sensor,
excitation circuitry connected as a frequency source
to the at least one ADFMR sensor, and ADMR signal
processing circuitry,

the biological sensor array comprises at least 100
ADFMR sensors in the at least one distinct region,
and

an ambient sensor array, comprising:

a second array of ADFMR sensor units situated on the
portable cap configured to measure ambient EM
fields 1n proximity of the portable cap;

sensor shielding, comprising a set of field coils situated on

the portable cap and enabled to generate magnetic

fields on and around the portable cap;

a power system, comprising a battery electrically coupled

to the portable cap; and

control circuitry, electrically coupled to the system,

cnabling the system to function in a low power oper-
ating mode, comprising operation of a subset of the
biological sensor array, and

cnabling the system to function in a noise reduction
operating mode, wherein the noise reduction oper-
ating mode comprises activating the set of field coils
to cancel ambient EM fields measured by the ambi-
ent sensor array.

5

10

15

20

25

30

35

40

45

50

55

60

65

36

2. A system for a wearable field sensing device for
biological electromagnetic (EM) field measurement com-
prising:

a wearable structure;

a biological sensor array, comprising an array ol acous-
tically driven ferromagnetic resonance (ADFMR) sen-
sor units situated on an interior of the wearable struc-
ture, an ADFMR sensor unit being an application
specific integrated circuit (ASIC) package that com-
prises at least one ADFMR sensor, excitation circuitry
connected as a frequency source to the at least one
ADFMR sensor, and ADMR signal processing cir-
cuitry;

a power system, comprising an energy source for the
system; and

control circuitry, conductively coupled to the biological
SeNsor array.

3. The system of claim 2, wherein the wearable structure
comprises a patch, wherein the patch 1s shaped to, at least,
partially cover a user body region for EM field measure-
ment.

4. The system of claim 2, wherein the wearable structure
comprises a cap shaped to, at least, partially cover a head
region ol a user for EM field measurement.

5. The system of claim 4, wherein the cap comprises a
deformable cap such that the deformable cap may suil-
ciently change in size and shape to fit the head region of the
user, wherein the deformable cap comprises deformable
regions that may change in size and shape and rigid regions
that do not change in size and shape.

6. The system of claim 5, wherein the biological sensor
array 1s situated on the rigid regions of the deformable cap.

7. The system of claim 2, wherein the biological sensor
array comprises 1-10 ADFMR sensors.

8. The system of claim 2, wherein the biological sensor
array comprises 10-100 ADFMR sensors.

9. The system of claim 2, wherein the biological sensor
array comprises 100-1000 ADFMR sensors.

10. The system of claim 2, wherein the biological sensor

array comprises 1,000-10,000 ADFMR sensors.

11. The system of claim 2, wherein the biological sensor
array comprises 10,000-100,000 ADFMR sensors.

12. The system of claim 2, wherein the biological sensor
array comprises at least 100,000 ADFMR sensors.

13. The system of claim 2, further comprising an ambient
sensor array, wherein the ambient sensor array 1s electrically
coupled to the control circuitry and 1s configured to measure
ambient EM fields in proximity of the wearable structure.

14. The system of claim 13, wherein at least a subset of
the ambient sensor array sensors comprises ADFMR sen-
SOrS.

15. The system of claim 13, wherein at least a subset of
the ambient sensor array sensors comprises magnetometers.

16. The system of claam 13, further comprising sensor
shielding, wherein the sensor shielding comprises electrical
coils configured to generate a magnetic field to counteract
the measured ambient EM fields.

17. The system, of claim 2, further comprising sensor
shielding, wherein the sensor shielding comprises a mu-
metal covering over the biological sensor array.

18. The system of claim 2, wherein the system, through
the control circuitry, 1s enabled to function 1 a low power
mode, wherein only a subset of the sensors from the bio-
logical sensor array are active until biological activity 1is
detected.
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19. The system of claim 18, wherein the biological sensor

array comprises at least one biosensor; wherein the biologi-
cal activity 1s detected based on a signal from the at least one
biosensor.

20. The system of claim 2, wherein the ADFMR sensor

unit further comprises a second ADFMR sensor, and the

Al
Al

DEFMR  signal processing circuitry integrates the second

DFMR sensor with the at least one ADFMR sensor as a

gradiometer.
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